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Summary 
The relatively lower susceptibility to malaria seen in the Fulani ethnic group in Africa, as 
compared to other sympatric ethnic groups, has been related to genetic regulation of the 
immune responses. This thesis aimed to describe important pathways related to the regulation 
of antibodies in the complex immune responses during a malaria infection.  
 Our results suggest that the higher anti-malarial immune responses seen in the 
Fulani, are not due to a general hyper-responsiveness in this group, but neither a malaria 
specific response. Rather, the higher responses in the Fulani are pathogen related, certain 
antigens/pathogens being more immunogenic in the Fulani ethnic group. Moreover, it appears 
as if the IgG subclass pattern to a malaria antigen differs between the Fulani and the non-
Fulani groups, and certain polymorphisms in some of the Fcγ receptor genes showed a 
possible influence on the IgG subclass levels, as did some cytokine polymorphisms. These 
results suggest that the levels of IgG subclasses may be genetically regulated and that 
differences in these genes could influence the susceptibility to malaria. 
 Fcγ receptors are important structures in the humoral immune responses, and 
FcγRIIa exhibits a polymorphism at position 131 R/H. The 131H allele was associated with 
the Fulani group, and the 131R allele with the non-Fulani group. The FcγR 131 R/H also 
associated with IgG subclass levels and parasitemia, suggesting that this polymorphism may 
be a contributing factor to the differential susceptibility to malaria. No consistent interethnic 
differences were obtained for the other Fcγ receptor polymorphisms. However, associations 
with haemoglobin levels and P. falciparum-reactive IgG subclass antibodies were observed. 
This suggests an influence of these polymorphisms on malaria severity rather than the 
susceptibility. 
 C-reactive protein levels rise immediately in response to inflammatory stimuli. 
However, the net-effect of CRP is anti-inflammatory, due to the up-regulation of IL-10, 
which may affect parasite clearance and pathology. We investigated three CRP gene promoter 
polymorphisms, related to the circulating levels of CRP, and the -717T allele and the -286A 
allele were found to be more common in the non-Fulani groups. These alleles have both been 
linked to higher circulating CRP levels, however only the -286 polymorphism was indicated 
to influence parasite levels, and having consistent result in two independent cohorts from two 
countries with a marked difference in malaria endemicity in our study. These results suggest 
that the -286 CRP polymorphism may be involved in the lower susceptibility to malaria seen 
in the Fulani ethnic group. 
 Several cytokines are important in maintaining the optimal parasite-neutralizing 
milieu in the host, and we investigated polymorphisms in some of these cytokine genes, in 
order to establish a possible influence of these on malaria susceptibility. The frequency of the 
high-producing IL-1β and the low producing IL-10 haplotypes were more frequent in the 
Fulani ethnic group as compared to non-Fulani individuals, suggesting a higher inflammatory 
response in the Fulani. Moreover, several of these haplotypes showed associations with 
haemoglobin levels, IgG subclass antibody levels and parasitemia, suggesting that IL-1β, IL-
6, IL-10 and TNF could affect the susceptibility to malaria and the severity of the malaria 
infection. 
 Taken together, these data suggest that genetic factors have the ability to affect 
the antibody responses, and that several pathways can be affected. Moreover, the Fulani have 
a genetic predisposition for a higher inflammatory response during a malaria infection, which 
could lower their susceptibility to the disease. However, the control measures for this 
inflammation still have to be established and evaluated. 
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Introduction 

Innate and adaptive immune responses 

The immune system is a highly variable and diverse component in all higher-animals. It has 

evolved throughout the years, and its complex network of cells and molecules can distinguish 

between invading pathogens and the body’s own cells. Traditionally, the immune responses 

raised to an invading pathogen are divided into innate immune responses and adaptive 

immune responses. However, nowadays it is clear that these two parts are collaborating 

intensely and this division is now used to simplify rather than classify.  

 

The innate immune system is a less specific first line of defence, and it involves anatomical 

barriers (skin and mucosal surfaces), physiological barriers (temperature, pH and chemical 

mediators), endocytic and phagocytic cells (monocytes, macrophages and neutrophils), and 

inflammatory responses. It reacts immediately in response to an invading microbe and the 

discovery of toll-like receptors (TLR) and their ability to recognise microbial molecules made 

it clear that innate immune cells can act in response to specific targets. Furthermore, these 

cells may also guide the adaptive immune responses, since two of the professional antigen 

presenting cell (APC) types, dendritic cells and macrophages, are innate cells with stimulatory 

effects on the adaptive immune response. 

 

Clonally distributed B and T cells mediate the adaptive immunity and it exhibits specificity, 

diversity and memory. Small differences between pathogens can be distinguished, and a 

unique response will be raised against all particular antigens. Once the antigen has been 

recognized and responded to, an immunological memory will be developed, which by the 

next encounter with the same antigen will yield a faster immune response. The disadvantage 

with the adaptive immune system is that the primary response is delayed, due to the clonal 

expansion, however the following encounters with the same antigen will give a fast and 

specific immune response. 
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Innate immune functions 

The innate immune cells are cells that do not rearrange their germline DNA to gain 

specificity. However, they do express a number of receptors that will increase the specificity 

of the cells, e.g. TLR and Fc receptors (FcR).  

Pattern recognition receptors 

The stimulation of the innate immune system is mainly mediated through pattern recognition 

receptors (PRR), which recognize conserved molecular structures found in large groups of 

pathogens. The TLR are the best characterized PRR family and thirteen TLR in mammals are 

known [1]. TLR1-9 are found both in humans and in mice, TLR10 is only found in humans, 

and TLR11-13 are only found in mice [2]. TLR can be expressed both on the cell surface 

(TLR1, 2, 4, 5 and 6) and in intracellular compartments (TLR3, 7, 8, 9), and they recognize 

different ligands, roughly covering all pathogens, the most studied being TLR4, recognizing 

bacterial lipopolysaccharide (LPS). Many cells depend, more or less, on TLR for their 

activation or functions. These receptors are important for dendritic cells (DC) maturation and 

function [3], they can amplify the antibody production and the memory maintenance in B 

cells [4] and it has been suggested that TLR could contribute to the maintenance and 

activation of T cell memory [5]. 

 

Cell of the innate immunity 

Natural killer cells (NK cells) have the ability to react with spontaneous cytotoxicity, 

without sensitisation, against a broad range of targets, and they are also one of the key 

producers of cytokines that will mediate the immune responses of the other immune cells [6]. 

NK cells express a variety of receptors to induce their activities, including the natural 

cytotoxicity receptor family, the C-type lectin-domain containing receptors, the cluster of 

differentiation (CD) 2 superfamily receptors and the IgG receptor Fcγ receptor III (CD16) [7]. 

In addition to these activating receptors, the NK cells also express several families of 

inhibitory receptors, with the highly polymorphic killer cell immunoglobulin-like receptors 

(KIR) being the most well known. 

 

NK cells can act as regulators on other cells, such as DC, T cells, B cells and endothelial cells. 

NK cells can kill the cells, but the cytotoxic killing of target cells can also induce antigen 

specific adaptive responses [8]. Few years ago, it was proposed that NK cells could have 
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long-lived and antigen-specific memory qualities in mice [9], and also that there is a 

regulatory NK cell population [10], whether or not this is true for humans needs further 

studies. NK cells secrete high amounts of interferon-γ (IFN-γ) that can promote the priming of 

T helper (Th) cells, but can also kill the cells if not major histocompatibility complex (MHC) 

class I is expressed in a sufficient amount by the target cell. The various aspects of NK cell 

functions make it a potent player in many different biological events, such as in the 

elimination or control of viruses, bacteria, parasites and tumours, in asthma and autoimmune 

diseases, as well as in the remodelling of the uterine spiral arteries and in organ 

transplantations [8]  

 

Mononuclear phagocytes are represented by monocytes and macrophages. Monocytes are 

heterogenic myeloid APC precursors, originating from the bone marrow, varying both in size 

and granularity. When released in the periphery, they circulate for several days before they 

are recruited to various tissues, where differentiation into macrophages or dendritic cells will 

occur. Monocytes express a high frequency of TLR, but also FcγR  I-III to different extents. 

This makes the monocytes very prone to be activated both by microbial stimuli and by 

pathogen reactive antibodies.  

 

Most macrophages are residing in the tissues, but some are still motile, moving in an amoeba-

like manner throughout the tissues. Depending on the tissue location, the names may vary: 

alveolar macrophages in the lungs, Kupffer cells in the liver and mesangial cells in the 

kidney, to mention a few. Macrophages are divided into classically activated (M1), influenced 

by endogenous inflammatory stimuli by IFN-γ or by exogenous inflammatory stimuli by LPS, 

and alternatively activated (M2), activated by Th2 cytokines. However, this division is not 

static; M1 and M2 can be re-polarized by Th2 or Th1 cytokines respectively [11]. Activated 

macrophages have a more efficient phagocytic activity and an increased killing capacity, a 

higher expression of MHC class II and thereby an increased ability to activate T cells, and an 

increased secretion of inflammatory mediators. 

 

Dendritic cells are characterized as the most potent APC, due to their abundant expression of 

MHC class II and co-stimulatory molecules. There are two conventionally described DC 

subsets in humans, the myeloid DC, originating from monocytes arising from the myeloid 

pathway, and the plasmacytoid DC, originating from the lymphoid pathway. These two 

subsets differ in their expression of TLR, but both are equally efficient in stimulating naïve T 

cells [12]. The antigen presentation is a very important aspect of the role of DC, making the 
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DC bridge the innate and adaptive immune responses. Recently a new subset of cytotoxic DC 

was described. These DC are called killer-DC and they are found both in rodents and in 

humans, however it is still unclear if these killer DC have an active function in humans [13]. 

 

Granulocytes are cells with a granulated cytoplasm. The most prevalent among them are 

neutrophils, a phagocytic cell with a multi-lobed nucleus, and this cell type is usually the first 

cell to arrive at the site of infection. Activated neutrophils will limit the infection by 

phagocytosis, by release of antimicrobial peptides and pro-inflammatory cytokines. They will 

also recruit and activate other immune cells and raise an adaptive immune response [14]. 

Therefore neutrophils are considered very important first line defenders. 

 

Eosinophils are also phagocytes and a hallmark sign of helminth infections. They have been 

suggested to play an important role in combating parasitic infections, by secreting the 

contents in their granules that may damage the parasitic membranes. The major basic protein 

(MBP) accounts for more than 50% of the granule mass, and this has shown toxicity against 

parasites in vitro [15]. In certain inflammatory situations, eosinophils can function as a fully 

functional APC able to activate naïve CD4+ T cells [16]. 

 

Basophils are nonphagocytic cells that play a role in allergic and parasitic responses. 

Basophils rapidly produce large amounts of interleukin (IL) -4 in response to both allergen 

and parasites, and they are known to play a role in the rejection of ticks [15]. 

 

Mast cells are tissue based, with a heavily granulated cytoplasm, and they contain histamine 

and other active substances, which make them very important in allergic responses. Mast cells 

are producing many cytokines, the major one being tumour necrosis factor (TNF), but also 

IL-4 and IL-6 [15]. Mast cells may also be important for the suppressive function mediated by 

regulatory T cells [17]. 

The acute phase response 

The acute phase response is a group of physiologic changes that occur shortly after the onset 

of an infection or other inflammatory processes, and it includes concentration changes of 

different plasma proteins, so called acute-phase proteins, and behavioural, physiologic, 

biochemical and nutritional changes. The definition of acute-phase proteins is, a protein 

whose concentration increases or decreases, depending on if it is a positive or negative acute-
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phase protein, by at least 25 percent during an inflammation [18]. Positive acute-phase 

proteins are represented by complement proteins, coagulation and fibrinolytic proteins, 

antiproteases, transport proteins, inflammatory response participants and other proteins such 

as complement-reactive protein (CRP), serum amyloid A, ferritin and fibronectin [18], while 

negative acute-phase proteins are albumin, transferrin, transthyretin, α2- HS glycoprotein, α-

fetoprotein, thyroxine-binding globulin, insulin-like growth factor I, retinol-binding protein 

and factor XII [18]. The magnitude of the increase/decrease in concentrations varies with the 

different proteins, with the highest increase being seen in C-reactive protein and serum 

amyloid A (fig. 1). These proteins can increase 1000-fold their concentrations during an 

inflammatory response [18].  

 

 
Figure 1. The characteristic pattern of the increase and decrease in some acute-phase proteins after 
a moderate inflammatory stimulus. Adapted from Gabay and Kushner 1999 [18] 
 

The regulation of acute-phase responses is dependent mainly on cytokines produced during 

and/or participating in the inflammatory response. IL-6 is the most potent inducer, whereas 

the other cytokines, IL-1β, TNF, IFN-γ, and transforming growth factor (TGF)-β, are rather 

influencing subgroups of acute-phase proteins [18]. The initiation and progress of the acute-

phase response involves a coordinated set of events, cytokine release, endothelial-cell 

activation, leukocyte chemotaxis and alterations of the temperature (fig. 2). Platelets and 

mononuclear phagocytes at the site of damage release early cytokines (IL-1, IL-6 and TNF), 

which are involved in the fever progress and the activation of other cells [19]. These activities 

will elicit a production of chemotactic cytokines and an accumulation of inflammatory cells, 
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which will activate the hepatic response, that results in an stimulation of acute-phase proteins 

and responses [19]. 

 
Figure 2. A basic overview of the cell and cytokine interaction during the acute phase response. 
Platelets and mononuclear phagocytes release early cytokines, (IL-1 and TNF) at the site of tissue 
damage. These will active adjacent cells to produce other chemotactic cytokines and initiate the 
accumulation of inflammatory cells. The hepatic response is also activated by these cytokines, and 
these will activate acute phase proteins, such as CRP.  
 

C-reactive protein 

CRP is considered the prototypical acute phase protein in humans. It rises dramatically in 

response to an infection or inflammation, but also slightly increased levels of CRP have been 

linked to disease, e.g. it has been suggested to be an indicator of atherosclerotic vascular 

diseases. CRP is synthesized in the liver in response to interleukin -6 and IL-1β, and its 

pentameric structure allows an efficient binding of both the ligands and receptors on effector 

cells (fig. 3.). A recent study revealed that also IL-17A could stimulate CRP expression, and 

this was independently of IL-1β and TNF [20]. 
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Figure 3. The pentameric structure of CRP facilitates an efficient binding of both ligands, here 
represented by phosphocholine, and receptors on the effector cells or complement proteins. 
 

The best-characterized ligand for CRP is phosphocholine (PC), and this is responsible for the 

binding of CRP to several microorganisms, including the C-polysaccharide of pneumococcus 

[21], the phosphorylated disaccharide on Leishmania donovani [22], the phosphorylcholine-

expressing Neisseria meningitides [23], and the LPS of Hemophilus influenzae [24]. CRP can 

also bind to apoptotic and necrotic cells, promoting the early classical complement pathway, 

although not efficiently generating the membrane attack complex, due to interaction with the 

complement regulatory protein, factor H. Activation of the classical complement cascade, has 

been shown to contribute to the killing of Schistosoma pneumoniae in mice [25]. The 

opsonization and phagocytosis of apoptotic cells by macrophages is improved by the binding 

of CRP, this also promotes an anti-inflammatory response due to the increased production of 

IL-10 (fig. 4) [26]. 
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Figure 4. A possible mechanism of the inflammatory properties of CRP. The binding of CRP to 
macrophages induces the production of IL-10. This turns off the production of IL-12 and TNF, and 
down-regulates Th1 cells and classically activated macrophages, and activates regulatory T cells, 
which further limits the inflammation. Hence, the net-effect of CRP in anti-inflammatory. 
 

Binding of CRP to the FcγR increases the phagocytic capacity of the effector cells, and the 

affinity of CRP to FcγRI actually exceeds the affinity of IgG. Although the overall structure 

of CRP and immunoglobulin is quite diverse, there is a sequence homology between the 

Fcγ binding sites on IgG and CRP [27]. This could be a reason for the IgG-like biological 

effects of CRP when it binds to FcγR. The binding to FcγRIIa appears to be allele specific; 

CRP binds well to one of the allelic variants, while IgG2 binds well to the other. Interestingly, 

so far there is no evidence for a binding of CRP to FcγRIII, the most pro-inflammatory FcγR, 

which is contradictory to the pro-inflammatory label given to CRP. 

 

CRP has shown direct effects on DC differentiation, maturation and function [28], and 

neutrophil chemotaxis and signalling [29], while other effects of CRP on cells of the immune 

system are more indirect, for instance by stimulating differences in the cytokine milieu. CRP 

has also showed a capacity to induce a tumoricidal activity by murine macrophages [30].  

 

The circulating levels of CRP has been show to be associated with socioeconomic status in 

several high-income countries, moreover, the levels of circulating CRP were higher in 
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individuals of African, Latin or South Asian descent as compared to those of European 

descent [31]. The significance of these minor elevations have been discussed mainly in 

atherosclerosis, but it is now clear that minor differences in CRP concentrations may have an 

effect on many other conditions. In malaria, these two observations could be of importance, 

since individuals living in areas with malaria most often are of non-European origin, and are 

often living in developing countries. It may be suggested that these minor elevations in CRP 

levels can be involved in the protection against malaria. However, whether elevated CRP 

levels are beneficial or not in relation to malaria, still have to be clarified.  

 

Adaptive immune cells 

B cells are considered to be the primary player in humoral immunity, and they are the only 

cells capable of producing antibodies, each B cell producing antibodies of a unique 

specificity. For some antigens, the B cells require co-stimulatory signals from Th cells, these 

antigens are called thymus dependent (TD) antigens. The thymus independent (TI) antigens 

do not need the help of Th cells to be processed. Common TI antigens are polysaccharides, 

LPS, peptidoglycan and lipoprotein, while TD antigens often are proteins. In response to TD 

antigens, germinal centres are being formed. Here three important B cell differentiation events 

take place: affinity maturation, class switching, and formation of plasma cells or memory 

cells. Germinal centres are required for the affinity maturation and memory B cell formation, 

while some class switching and many plasma cells can be formed outside these centres. 

 

Regulatory B cells have been described in experimental models of autoimmunity, infections 

and cancer. Their regulatory function appears to be mediated by the production of IL-10, 

however it seems as the differentiation of regulatory B cells is not affected by the Th1-Th2 

microenvironment [32]. So far, regulatory B cells have only been described in mouse studies, 

but there is data from humans suggesting a possible regulatory B cell subset. A reduced 

proportion of IL-10 producing B cells have been reported in multiple sclerosis (MS) patients 

that could suggest a reduced regulation by B cells [32]. Experimental parasitic models have 

revealed that neutralizing antibodies and/or anti-inflammatory mediators from Fcγ positive 

cells are involved in mediating the B cell regulation [32]. 

 

T cells are divided into αβ T cells and γδ T cells, depending on the composition of the T cell 

receptor (TCR). The αβ T cells are further divided into CD4+ T cells, which regulate the 
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cellular and humoral immune responses, and CD8+ T cells, that show a major cytotoxic 

activity toward cells infected with intracellular pathogens. Both CD4+ and CD8+ T cells can 

develop into memory T cells, which further increases the specificity of the adaptive immune 

responses.  

 

The CD4+ T cells are further divided into Th1/Th2/Th17 types of cells depending on the 

cytokine profiles they produce (fig. 5). T helper cells are involved in organizing the immune 

response against several pathogens and antigens, i.e. the previous mentioned TD antigens 

(discussed more in detail in the B cell section). Th1 cells produce IFN-γ and drive the type-1 

pathway, the cellular immunity pathway, to fight viruses and other types of intracellular 

pathogens. The Th2 cells produce IL-4, IL-13 and IL-25 and are said to drive the type-2 

pathway, the humoral immunity pathway, by up-regulating antibody production to fight extra-

cellular pathogens [33]. Th17 cells were described quite recently, and have now been 

accepted as an independent Th cell subset, with major functions in the host protection against 

extracellular pathogens that have escaped the Th1-Th2 type of responses. The key cytokines 

produced by Th17 cells are IL-17A, IL-17F and IL-22 [34]. 

 

 
Figure 5. CD4+ T cell differentiation can lead to different subsets of Th cells or Tregs depending the 
initial stimulus [35], these subsets of T cells have different functions and cytokine production profiles. 
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A less characterised subset of T cells is the T-regulatory cells (Treg), which can regulate the 

responses by CD4+ and CD8+ T cells and NK cells. Three main subsets of CD4+ Tregs have 

been described; the CD4+CD25+ Tregs are naturally occurring at a frequency of 5-10% of the 

total peripheral CD4+ T cells, and the two induced Treg subsets, the CD4+ Treg type 1 (Tr1), 

and T helper 3 regulatory T cells (Th3), which are classified based on the cytokines they 

produce [35]. Tr1 cells produce high levels of IL-10 and Th3 cells produce high levels of 

TGF-β. All Tregs are depending on TCR triggering to obtain their suppressive function. 

However their suppressive activity seems to be antigen-nonspecific once the Treg have been 

activated [35]. Naturally occurring Treg have a cell-cell contact required suppression, while 

Tr1 and Th3 exert their suppressive function by the production of soluble immunosuppressive 

cytokines.  

 

NK T (NKT) cells express a αβ-TCR, and are therefore by definition T cells, however they 

share some of the characteristic NK cell markers. At least two subsets of NKT cells are 

distinguishable, CD4+ and CD4-, where some can be CD8+. The NKT cells can be found 

wherever T cells are found. In contrast to other T cells, classical NKT cells do not interact 

with MHC class I, or II, but do interact with glycolipids presented by CD1d, a non-classical 

antigen-presenting molecule. They can also up- or down regulate immune responses by 

secretion of Th1-, Th2- or regulatory cytokines [36]. 

 

The γδ  T cells, representing a relatively small part of the T cell repertoire, recognise non-

peptidic antigens in a MHC independent manner [37]. γδ T cells are believed to belong 

somewhere in between, not being completely adaptive or innate. However, recent studies do 

suggest a more innate action of these cells, albeit probably the most complex and advanced 

cellular representative of the innate immune system. Activated γδ T cells have shown a 

professional antigen presenting function [38], and there is also evidence for γδ T cells and DC 

to exert a regulatory influence on each other.  

Antigen presentation 

Key functions for the immune responses are the antigen recognition and presentation, the 

antibodies produced by B cells can bind directly to the naïve antigen, but T cells usually need 

to get the antigen presented as a peptide bound to a MHC molecule. Two classes of MHC 

molecules function in antigen presentation, MHC class I and MHC class II. The MHC class I 

molecules are expressed on almost all cells, they primarily present endogenous antigens (e.g. 

viral proteins), and it is mainly CD8+ T cells that recognise the MHC class I, leading to lysis 
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of cells presenting foreign peptides [39]. The MHC class II is only expressed on the 

professional APCs, which traditionally comprise B-cells, macrophages and DC. They express 

the MHC class II molecules together with co-stimulatory molecules that are necessary for a 

proper T cell response. MHC class II presents peptides from exogenous proteins, and the 

APCs present almost exclusively to CD4+ T cells [39]. 

 

Immunoglobulins 

The immunoglobulin (Ig) molecule can be found both as membrane bound on B-cells and in a 

secreted form, that is produced by plasma B-cells. When bound on the cell surface, the Ig 

functions as a receptor involved in differentiation, activation and apoptosis, while the secreted 

form can neutralize foreign antigens and recruit other effector components [40]. The Ig 

consists of two large polypeptide chains, called heavy chains, and two shorter, called light 

chains, paired together in a Y-shape (fig. 6). The open upper part of the Y is the antigen 

binding part, called Fragment antigen binding (Fab), and the lower part of the Y is the 

fragment crystallisable (Fc) part, which is responsible for interaction with receptors and 

complement [40]. There are five different Fc parts, each corresponding to an Ig isotype, IgM, 

IgD, IgG, IgA and IgE (fig. 6), all of which can function both as receptors on the cell surface 

and in a secreted form [40]. 

 
Figure 6. The basic structure of the Ig molecule, and the five different Ig isotypes. The J chain in the 
pentameric form of IgM and the polymeric IgA are believed to enable secretion of the antibodies into 
mucosal tissues. 
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IgM is the first antibody class that encounters a new antigen [41], and it can be found in two 

forms; membrane bound monomeric IgM and secreted pentameric IgM. The pentameric form 

of IgM makes it a powerful complement activator and it can up-regulate both primary and 

memory responses and increase affinity maturation [42]. It is the first antibody to be 

expressed in the fetus, however IgM does not cross the placenta.  

 

Out of the total serum immunoglobulins, IgD represents only a small fraction. It appears not 

to cross the placenta, and it has a weak or absent binding to normal lymphocytes, neutrophils 

and monocytes [43]. Native IgD has little or no capacity to activate complement effects, 

whereas aggregated monoclonal IgD induces complement activation [43]. IgD is co-expressed 

with IgM on most peripheral B-cells. IgD is conserved across different species and it is found 

in all mammalian and avian species, suggesting an evolutionary advantage [43]. The role of 

IgD is still not completely understood, but it seems to behave like IgM early in infections. 

Moreover, IgD concentrations are elevated in chronic infections, but if these specific IgD 

antibodies are of any clinical importance is unknown [43]. 

 

IgG is dominating the humoral immune responses in humans. Human IgG is divided into four 

subclasses, IgG1-IgG4, where IgG1 is the largest subclass (66%), followed by IgG2 (24%), 

IgG3 (7%) and IgG4 (3%) [44], however this may vary between responses against different 

pathogens. IgG2 is the main antibody targeting encapsulated bacteria, IgG1 and 3 are mainly 

directed against protein antigens and IgG4 is common in chronic exposure to protein antigens 

and in allergy. The IgG subclasses also differ in their ability to activate complement, IgG3 

and IgG1 being the most effective ones, and IgG2 is a weak activator, whereas IgG4 does not 

activate complement at all. IgG is the only antibody that can pass the placenta, providing the 

foetus with protection from pathogens capable of crossing the placenta. 

 

IgA is the most abundant antibody in secretions [45]. Mucosal surfaces are the main source of 

antigenic material in the body, and in the mucosal tissues, the local synthesis of secretory IgA 

is dominating over that of the other antibody classes. Secretory IgA is present on all body 

surfaces except the skin, and is therefore an important first line of defence, and it can trigger 

cell-mediated events [45]. The transport of the polymeric IgA to the mucosal surface is 

enabled by the poly-Ig receptor that will bind the poly-IgA and transport it through the cells. 

This transport is very important for the child, since IgA is the major immunoglobulin in breast 

milk and colostrum, providing the child protection against intestinal pathogens [46]. Maternal 
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IgA and IgG, from the placental transport, support the neonate’s immune system during the 

first period of life.  

 

IgE is the antibody class that is the least abundant in human serum, however it is very capable 

of triggering many powerful immune reactions. The effect of IgE is mainly known in allergy, 

where IgE mediates the hypersensitivity reactions responsible for the symptoms of hay fever, 

asthma, hives, and anaphylactic shock. IgE can up-regulate carrier-specific antibody 

responses [42], both primary and memory responses [47]. Elevated levels of IgE have been 

shown for many helmintic infections [48-50] and also in malaria exposed individuals [51-54].  

 

Fc receptors 

One receptor type that is involved in antibody recognition comprises the FcR. They recognize 

and bind to the Fc part of all Ig classes, FcγR recognize and bind IgG, FcαR for IgA, FcδR 

for IgD, FcµR for IgM and FcεR for IgE. Signalling through the FcR induce many different 

actions, depending on the cell carrying the receptor, e.g. phagocytosis and release of 

inflammatory components [55]. There are also FcR responsible for transportation of Ig 

through epithelia; they are the polymeric IgA and IgM receptors and the neonatal FcR, which 

mediates antibody transportation through the placenta from the mother to the child [55]. The 

FcR capable of cell activation all contain intracytoplasmic activation motifs, designated 

immunoreceptor tyrosine-based activation or inhibiting motifs (ITAM or ITIM) [56]. These 

ITAM can be of two different types, multi-chain or single-chain receptors. The FcR that lack 

ITAM do not trigger cell activation, the exception is FcγRIIIB, which has no activating effect 

on its own, but contributes to cell signalling by associating to other FcR [55].  

 

In humans, there are three families of FcR binding IgG, FcγRI (CD64), -RII (CD32) and -RIII 

(CD16). FcγRI is a high-affinity receptor that binds monomeric IgG, FcγRII and -RIII are 

low-affinity receptors only binding complexed or aggregated IgG. These receptors are either 

activating (FcγRI, FcγRIIa, FcγRIIc, FcγRIIIa, FcγRIIIb) or inhibitory (FcγRIIb), and these 

receptors are expressed throughout the haematopoietic system. Only NK cells and B cells do 

not co-express activating and inhibiting FcγR: NK cells only express activating FcγR, while B 

cells only express the inhibitory FcγRIIb [57]. Follicular DC, endothelial cells, microglial 

cells, osteoclasts and mesangial cells also express FcγR [57]. FcγR have well defined roles in 

the triggering of innate cell functions, resulting in the release of cytokines and chemo-
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attractants, and an increased phagocytic capacity of effector cells [55]. Moreover, FcγR also 

function in antigen presentation and immune-complex mediated maturation of DC, and in the 

regulation of B-cell activation and plasma-cell survival (fig. 7) [57]. The multitude of innate 

and adaptive immune reactions that involve FcγR make them interesting in many different 

diseases and also make them attractive targets for new immunotherapeutic designs [58]. 

 
Figure 7. Regulation of immune complexes through FcR. All cells expressing FcR can be activated or 
inhibited in their function by binding of immune complexes to the FcR, leading to the release of 
effector molecules or other cell functions. Adapted from Nimmerjahn et al [57]. 
 

Cytokines 

Cytokines are proteins or glycoproteins with a regulatory capacity, secreted by cells in 

response to stimuli. In addition to assisting in development of various immune cells, they can 

also regulate the intensity and duration of the immune response and induce the inflammatory 

response. The action of cytokines is through specific receptors on the cell surface, binding to 

these receptors triggering signal transduction pathways that will alter the gene expression of 
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the target cell, and hence alter the function. Most cytokines have a local effect, with either an 

autocrine (binding to receptors on the same cell that secreted it) or paracrine action (they are 

binding to a nearby cell). Very few cytokines can exert an endocrine effect, this requires that 

the cytokine is released in the circulation and transported to distant parts of the body. 

 

Cytokines rarely work alone; it is more common that effector cells are influenced by a certain 

cytokine milieu, containing several cytokines that enhance or counteract each other in an 

intrinsic manner. Th1/Th2 type of cytokines is a rough division trying to simplify the different 

effects cytokines could have on the cells. The main representatives of the Th1 types are IFN-

γ, IL-2 and IL-12, and this is a response mainly raised against intracellular pathogens. 

Extracellular pathogens activate the Th2 types of cytokines, with IL-4 as the most important 

one.  

 

Up till now, more than 100 cytokines have been described, and it has been estimated that 

more than 300 different ones exist. The following section is therefore only considering the 

cytokines that are of particular interest for the work presented in this thesis. 

Interleukin 1β 

IL-1β is a pro-inflammatory cytokine, which can activate inflammatory cascades, including a 

self-amplifying effect. IL-1β induces many different genes and suppresses others, giving rise 

to a variety of biological effects [59]. IL-1β is an important fever molecule, a potent acute 

phase inducer, and is also implicated in the pathogenesis of several diseases. Some of the 

variation in CRP levels has been associated to gene polymorphisms in the IL-1β gene. A 

recent study showed that three gene polymorphisms in the promoter region predict clinical 

levels of both IL-1β and CRP [60]. 

Interleukin 6 

IL-6 has a wide variety in its functions; it can induce antibody production by B cells, induce 

the acute phase response, induce T cell growth and differentiation of cytotoxic T cells among 

many other biological functions [61]. The biological functions exerted by IL-6 act through 

receptor complexes that can be either membrane bound or soluble [62]. The soluble receptor 

can prolong the half-life of IL-6 in plasma, and the importance of this receptor has been 

shown in many different clinical conditions, i.e. inflammatory disorders, neurological 

conditions, cancers, HIV and malaria [63]. 
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Interleukin 10 

IL-10 is an anti-inflammatory cytokine, capable of inhibiting pro-inflammatory cytokines and 

chemokines, including IL-1β, IL-6 and TNF. Moreover, IL-10 can inhibit NK cell and 

macrophage activity, but also stimulate B cell activity and T cell development. IL-10 is a very 

important player in the clearance of intracellular pathogens; higher IL-10 gives a faster 

clearance, but often with a more severe pathology [64]. CRP can induce IL-10 [26], and IL-10 

has been shown to regulate the expression of FcR via signals through TLR4 [65]. IL-10 is also 

involved in the generation of peripheral Tregs [66]. Functional polymorphisms in the 

promoter region of the IL-10 gene have been associated with the expressed levels of this 

cytokine [67, 68]. 

Tumour necrosis factor 

TNF is strongly regulating the inflammatory response, and it has been implicated in many 

inflammatory, infectious and malignant conditions [69]. The main source of TNF is activated 

macrophages and monocytes, but also other cells can produce TNF, including NK cells, B and 

T cells, mast cells, neutrophils, endothelial cells and fibroblasts [69]. TNF is also a strong 

inducer of the acute phase response, and is also very important in the host defence to 

bacterial, viral and parasitic infections. 

Interferon-γ 

IFN-γ is the key Th1 cytokine, and it exerts its pro-inflammatory effect mainly through 

macrophages [70]. IFN-γ can limit the parasitemia in the early stages of the malaria infections 

[71], and it has been associated with resistance to infections [72]. 
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Malaria 

History of malaria 

The earliest finding of a Plasmodium parasite is from a mosquito preserved in amber from the 

tertiary period [73]. Throughout the history of mankind, malaria parasites have evolved 

together with us [74], and they have had a tremendous effect on our genome, with a selection 

for malaria protective, but otherwise harmful genetic variations, such as sickle-cell anaemia, 

thalassemias, and glucose-6-phosphate dehydrogenase (G6PD) deficiencies. Due to the 

characteristic cyclic fevers in malaria, references to malaria can be found in writings from the 

Sumerians from Mesopotamia, the Chinese Nei Ching (2700 BC), the Indian Vedic writings 

(1600 BC) and the papyri from Egypt [75]. The person who got the credit for describing 

malaria is however Hippocrates (460-370 BC), a Greek physician, who was the first person to 

describe the periodically occuring fevers together with splenomegaly and connected these 

fevers with pregnancy complications [75]. The main theory regarding the cause to the 

periodical fevers was suggested to be the bad air (Italian: mal aria) coming from the wetlands, 

hence the name malaria. This was still the general belief until Giovanni Maria Lancisi (1716) 

discovered that draining of swamps limited malaria, and he suggested an insect as the origin 

of the disease. His idea was however not proven until Ronald Ross in 1897 observed malaria 

parasites in an anopheline mosquito gut. The French army surgeon Charles Louis Laveran 

discovered the malaria parasite in 1880, and Camillo Golgi identified additional malaria 

species in 1885.  

 

Already the Egyptians used bednets, and the wormwood derived artemisinine treatment has 

been used to treat fevers in China since 168 BC. Quinine is a product from the bark of the 

Chinchona tree, that was used to treat the periodically cyclic fevers in South America. The 

first widely distributed and used drug against malaria, chloroquine, was discovered by the 

chemist Hans Andersag in Germany in 1934, but not until 1946 was this drug recognized as a 

safe and effective anti-malarial agent. Together with DDT, chloroquine was distributed 

around the world and the eradication of malaria was predicted to be easy, but only a few 

decades later, parasite and mosquito resistance were reported. Up till this day, scientists are 

working on finding new effective means to control malaria. Recently, the ancient Chinese 

remedy artemisinine was re-discovered as an effective treatment, especially in combination 
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with other anti-malarials, and this combination therapy is now the first line treatment to use in 

many countries [76]. 

Prevalence, severity and impact on world health 

Malaria is the most prevalent infectious disease in the world (fig. 8), causing approximately 

247 million acute clinical cases and 880.000 deaths every year (WHO report from 2006). 

About 90% of the deaths related to malaria occur in sub-Saharan Africa, and the disease is the 

leading cause of mortality (20%) in children less than five years of age (WHO. Roll Back 

Malaria). Women are also highly susceptible to so called placental malaria (or pregnancy 

associated malaria, PAM) during their first and second pregnancy, which may lead to death. 

Moreover, malaria infections in the mother can lead to spontaneous abortion, neonatal death 

and low birth weight of the child.  

 
Figure 8. Malaria distribution 2007 (www.who.int/ith/maps/malaria2007.jpg ). Printed with permission 
from WHO. 
 

Today, malaria is a global problem. Natural disasters, agricultural projects, climate changes 

and the increased interest of travels to countries with endemic malaria, are giving the parasite 

and the mosquito many chances to spread to previously non-malaria areas, or to regain areas 

where it had been eradicated. The rapid development of drug-resistance amongst the malaria 
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parasites is another problem, since several of the anti-malarial drugs available are now loosing 

their effect, and the alternative drugs are expensive. An optimistic report from Malawi 

showed that the previously widely spread chloroquine resistance among the Plasmodium 

falciparum parasites in this country, seems to have disappeared, and chloroquine is again an 

effective anti-malarial drug [77]. The vector has also been a target for control measurements 

of the disease, the major ones being insecticide usage on wetlands and insecticide treated bed 

nets. However, the mosquitoes have developed resistance to many of the insecticides, leaving 

the insecticide treated bed nets as the only effective barrier. The development of a functional 

vaccine has been a main goal for controlling malaria infections around the world, but the 

progress has been slowed down by the limited knowledge of how a protective immunity to 

malaria is developed and what protective components that are involved in parasite 

neutralization.  

Malaria parasites and life cycle 

Malaria is caused by a protozoan parasite of the Plasmodium family. Although five species 

have been shown to infect humans, P. falciparum, P. vivax, P. malariae, P. ovale and recently 

P. knowlesi, only P. falciparum results in high mortality as a result of its prevalence, 

virulence and drug resistance [78]. However, the few cases reported with P. knowlesi malaria 

have also showed a high mortality, really making it important to regard this parasite as a new 

serious life-threatening human malaria parasite [79]. 

 

Transmitted by the female Anopheles mosquito, the sporozoites reach the liver, where they 

develop into merozoites. After 1-2 weeks, the infected liver cells rupture, releasing thousands 

of merozoites, which all can invade red blood cells (RBC). P. vivax and P. ovale have a 

special feature in that some sporozoites of these two parasites do not immediately develop 

into merozoites, but instead produce hypnozoites. These remain dormant for periods ranging 

from weeks up to several months or years, and after the period of dormancy, they reactivate 

and produce merozoites. Hypnozoites are responsible for the long incubation and late relapses 

in these two species of malaria [80]. Inside the RBC the parasite develops into the asexual 

blood stages, called rings, trophozoites and schizonts. When the schizonts rupture, many 

merozoites are released, which invade new RBC, initiating the erythrocytic life cycle of the 

parasite (fig. 9). Some merozoites develop into gametocytes, which are taken up by the 

anopheline mosquito, and the parasite starts its sexual cycle inside the mosquito midgut, 
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developing into zygotes, ookinetes, oocysts and finally into sporozoites, that migrate to the 

salivary glands [78].  

 
Figure 9. The asexual life cycle of the Plasmodium parasite.  
 

The erythrocytic cycle of P. falciparum has a unique feature, mature trophozoites and 

schizonts are sequestered in the peripheral circulation, due to parasite mediated changes of the 

surface of the infected RBC (iRBC), causing them to adhere to endothelial cells 

(sequestration), other un-infected erythrocytes (rosetting), and to platelets (clumping) (fig. 

10). It is an accepted theory that this adhesion is an immune escape mechanism of the 

parasite, and that it also may lead to a better maturation in the microaerophilic venous 

atmosphere [81].  

 

 
Figure 10. Illustrative figures of sequestration, adherence to endothelial cells, rosetting, adherence to 
un-infected erythrocytes, and clumping, adherence of infected erythrocytes to platelets. 
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Malaria disease 

The clinical symptoms of malaria are only presented during the erythrocytic life cycle of the 

parasites, and mild or uncomplicated malaria is characterized by fever, followed by nausea, 

headache, cough, diarrhoea and muscular pain. Infections by P. vivax, P. ovale and P. 

malariae usually give milder malaria as compared to those caused by P. falciparum. This is 

due to the ability of P. falciparum to adhere to host endothelium in combination with the high 

parasitemia usually seen for P. falciparum. The WHO defines severe malaria as a parasitemic 

person with one or more of the following symptoms: prostration (inability to sit up without 

help), impaired consciousness, respiratory distress or pulmonary edema, seizures, circulatory 

collapse, abnormal bleeding, jaundice, hemoglobinuria or severe anaemia (haemoglobin < 50 

g/L or hematocrit < 15%) [78]. Cerebral malaria is caused by the sequestration of P. 

falciparum infected RBCs in small blood vessels in the brain, causing blocking of the blood 

flow, leading to coma or other neurological phenomena, such as seizures and elevated 

intracranial pressure. 
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Malaria Immunology 

Naturally acquired immunity to malaria 

A proper immune response against malaria 

The details in the pre-erythrocytic immune responses in humans are still poorly defined. 

However, it is believed that both antibody-mediated as well as cellular mechanisms have 

important roles. Antibodies have been found to block the initial sporozoite invasion of 

hepatocytes. Antibodies have also been shown to kill sporozoites directly by opsonization and 

to recognize parasite-derived proteins on the surface of infected hepatocytes, and thereby 

promote killing of the infected hepatocyte [82]. Both CD4+ and CD8+ cytotoxic T cells can 

directly eliminate infected hepatocytes, and NK and NKT cells have shown to provide help 

for the activation, differentiation and the effector activity by T and B cells [82]. 

 

The immune response to the erythrocytic stages is primarily conferred by humoral 

components, due to the absence of MHC molecules on red blood cells. However, monocytes 

[83], macrophages [84] and NK cells [85] can kill the parasite in the absence of antibodies, 

probably involving binding of CD36 to parasite derived surface molecules on iRBC [86]. 

Human NK cells have also been shown to rapidly produce IFN-γ, a cytokine associated with 

reduced susceptibility to malaria [72, 87], suggesting an importance of NK cells early in the 

blood-stage malaria infections [88]. The NKT cells produce large amounts of IFN-γ and IL-4, 

when activated through the TCR, and this rapid cytokine output may activate other lymphoid 

cells [89]. The CD1-restricted NKT cells can also contribute to malarial splenomegaly, in 

response to a P. berghei infection, which is associated with expansion of splenic B-cells and 

enhanced parasite-specific antibody formation [89]. The role of DC in malaria immunity is 

still relatively unknown, some studies show that the maturation of human DC is suppressed, 

and that their ability to activate T-cells is reduced by iRBC [90, 91]. However, using animal 

models, it was demonstrated that DC from infected mice are fully functional APC [92]. It has 

been shown that depending on what parasite strain that is infecting, the DC respond 

differently. The DC in mice infected with a lethal strain of P. yoelii were non-functional, 

while in mice infected with a non-lethal strain, the DC were functional and capable of 

activating T cells and secret cytokines [93]. This could be a reason for the different results 

obtained in the different studies.  
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During the first few days in a malaria infection, γδ T cells expand and they have been shown 

to have the capacity to directly inhibit the parasite growth [94]. Both the CD4+ and CD8+ T 

cells play important roles in immunity to malaria, but at different stages. During the liver 

stage CD8+ T cell functions are important [95], and they also contribute to protection against 

severe malaria [96, 97]. The CD4+ T cells are crucial in the immunity against asexual blood 

stage malaria. They produce cytokines that are involved in the activation of innate immune 

responses, and they are also required for the B cell production of anti-malarial antibodies. The 

immunity to blood stage malaria is dependent on the CD4+ T cells, anti-malarial antibodies 

and B cells [98]. For other protozoan infections, the Th1/Th2 balance is crucial for the 

clearance of the parasites [99]. In malaria, many studies, using mouse models, have shown 

that pro-inflammatory Th1 cytokines are crucial determinants of the outcome of the malaria 

disease. C57BL/6 mice, which have a predominant Th1- immune response during a malaria 

infection, are more susceptible to cerebral complications, than the Th2 biased BALB/c mice, 

which are resistant to cerebral malaria [100]. In humans, studies have shown a possible 

association between IL-4 and levels of anti-malarial antibodies [101]. Tregs are still under 

investigation for their role in malaria immunity [102]. The role of TLR is still not fully 

understood, but it is known that they can recognise malaria parasites or their metabolites. The 

glycosylphosphatidylinositol (GPI) anchors of P. falciparum have been shown to mediate 

signals, mainly through TLR2 and to a lesser extent by TLR4 [103]. Furthermore, was 

hemozoin, a parasite heme metabolite, reported to be recognised by TLR9 [104], but this 

binding appears rather be due to parasite DNA associated with the hemozoin [105]. Common 

polymorphisms in TLR4 may be associated to the clinical outcome of a malaria infection 

[106], and polymorphisms in TLR4 and TLR9 have been shown to increase the risk of low 

birth weight in P. falciparum infected pregnant women and the risk of maternal anaemia 

[107]. However, none of these polymorphisms were found to affect the parasite prevalence or 

density of the P. falciparum infection [107].  

 

Development and duration 

Unlike many other acute infections, malaria does not induce a long lasting immunological 

memory; it rather develops gradually and requires repeated infections to persist. The 

developed immunity is not sterile; malaria parasites can still survive in the host, but at such 

low levels that the clinical symptoms do not appear. The development of this semi-immunity 

is influenced by age, genetic background, pregnancy, co-infections and the nutritional status 

of the host. Artavanis-Tsakonas et al [88] have proposed a simplified model, suggesting that 
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the primary infection in infants living in endemic areas will induce minimal clinical 

symptoms due to the low induction of IFN-γ and TNF by an innate pathway. Naive T cells 

will be primed, and during the next encounter these antigen-specific T cells will produce high 

levels of IFN-γ and up-regulate the production of TNF by macrophages and other cells. These 

high levels of pro-inflammatory mediators will lead to an increased risk of severe 

manifestations, such as cerebral malaria or systemic shock. During the subsequent exposures, 

the infection will be controlled by an effective anti-malarial immune response that has 

matured since the previous infections, and this will lower the antigen levels. The lower 

antigen load will shift the immune response from a pro-inflammatory to a regulatory 

response, which will limit the dangerous overproduction of inflammatory mediators. 

Individuals who will come in contact with the parasite later in life will have a reaction of 

naturally occurring cross-reactive immune cells, which will induce a strong inflammatory 

response. This will increase the risk of cerebral malaria and other severe manifestations. After 

several repeated infections a malaria specific immune response will have been developed and 

the parasites can now be controlled with a non-harmful immune reaction. Children will 

probably have fewer cross-reactive T cells, and will therefore have a lower risk of cerebral or 

severe malaria than adults. If the individual leaves the endemic area for some years and then 

returns, the immunity is lost and the individual will encounter malaria as a non-immune 

individual again [88]. 

The importance of antibodies in protection against malaria 

Innate immune mechanisms involving mononuclear phagocytes and NK cells play an 

important role early in malaria infections. However, the importance of antibodies in protective 

immunity against P. falciparum infection was demonstrated by the classical experiments of 

Cohen and McGregor [108], in which passive transfer of IgG from adults had curative effects 

in children. In Thai individuals, passive transfer of cytophilic antibodies was associated with 

protection [109]. As depicted in figure 11, there are several potential mechanisms by which 

antibodies can neutralize the parasite (as reviewed by Bolad and Berzins [110]). Antibodies 

may inhibit merozoite invasion, either by neutralization of the free merozoites or by 

interference with the merozoite invasion process. Antibodies may also react with parasite-

derived antigens expressed on the surface of iRBC, thereby inhibiting the intraerythrocytic 

development of the parasite. The leaky membrane of infected erythrocytes just prior to 

merozoite release, may give the antibodies access to the intraerythrocytic parasite, and they 

may interfere with merozoite dispersal. Another pathway for antibody attack may be the 



Doctoral thesis – Introduction 

36 

parasitophorus duct, which has been suggested to form a connection for direct access of 

serum macromolecules to the parasite [110]. Even though antibodies can inhibit parasite 

invasion/growth on their own, a major effect of malaria specific antibodies is thought to be 

induction of antibody dependent cell-mediated inhibition (ADCI) [111] and the secretion of 

monocyte-derived mediators [112]. The main players in this type of killing are the FcR on the 

surface of the effector cells, which will bind the Fc part of the antibodies, while the Fab part 

of the antibody is bound to antigens on the surface of merozoites [109] or late stage infected 

RBC [113]. Several studies have shown that high circulating concentrations of malaria 

specific IgG are related to protection from severe malaria, and seroepidemiological studies in 

different endemic areas have demonstrated the association of IgG antibodies of the cytophilic 

subclasses IgG3 and IgG1 with protection against P. falciparum malaria [114, 115]. This 

association is, however, quite inconsistent when considering antibody responses to single 

malaria antigens. IgG3 is the major subclass in responses against P. falciparum antigens 

showing a high degree of diversity, e.g. merozoite surface protein (MSP)-2 [109], while 

responses against more conserved antigens, e.g. the C-terminal part of MSP-1, are dominated 

by IgG1 [116]. Interestingly in some populations, IgG2 is related to protection, so it is not 

clear what IgG subclass profile that shows highest association with protection. 
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Figure 11. Antibodies reactive to malarial antigen can control the parasite in different ways. (a) 
Malaria reactive antibodies can bind to antigens on the merozoite or the infected erythrocyte surface; 
this can inhibit the entry of the merozoite into the erythrocyte. (b) Antibodies can bind to the respective 
FcR on a variety of cells and optimize the cells for parasite killing. (c, d). Binding of antibodies to DC 
and NK cells can induce strong innate responses. (e) Regulatory cells can also be affected by malaria-
reactive antibodies, thereby affecting the immune reaction. (f) Antibodies can also prevent pathology 
by blocking the interaction of EMP1 with endothelial cell receptors, such as CD36 or ICAM-1 Adapted 
from Pleass et al 2005 [117]. 
 

Important antigens 

The most important antigens being targeted by parasite neutralising antibodies are mainly 

expressed during the merozoite stage or the later trophozoite stage (fig. 12). At the merozoite 

stage, the MSP antigens, antigens present in the apical complex organelles of the merozoites 

(EBA-175, Rhop 1-3, RAP 1-3 and AMA-1) and Pf155/RESA, have all been shown to be 

targets to antibodies with the capacity to inhibit merozoite invasion (reviewed by Berzins and 

Anders [118]). Also, the recently identified SURFINs [119] are found in this stage. There are 

several antigens synthesised during the trophozoite development (e.g. GLURP, SERA, 

ABRA, PfEMP1, Pf332, RIFINs, STEVORs), and antibodies to several of these antigens 

show a high capacity to inhibit parasite growth or invasion [120-123]. Immunity to malaria is 
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parasite and strain specific, and clonal antigenic variation is common in P. falciparum [124]. 

The mechanism behind this antigenic variation is still not clear, but one very likely hypothesis 

is that there is a frequent ongoing switching of variant surface antigens (VSA) in the parasite 

population, and an outgrowth of one of these subpopulations would occur when antibodies are 

being raised towards the other VSA presented. The importance of VSAs in immunity can be 

shown by correlating the range of different anti-VSA antibodies to protection [125]. PAM is 

caused by accumulation of iRBC in the placenta. These parasites express a PfEMP1 VSA that 

binds to chondroitin sulphate A (CSA), and the immune responses that are confined to 

pregnant women are parity dependent [126]. Some important antigenically variable antigens 

are PfEMP1, RIFINs, STEVORs and SURFINs. 

 

 
Figure 12. The location of some important antigens involved in parasite neutralizing immune 
responses during the erythrocytic cycle. 

Host genetics and protection against malaria 

Throughout the genome many alterations are present, mutations and polymorphisms being 

permanent heritable changes in the genetic code of all nucleated cells in the individual. These 

are called polymorphisms if present at a frequency of 1 % or more in the general population, 

or germline mutations if present in less than 1 % of the population. Single nucleotide 

polymorphisms (SNPs) are usually silent changes or found in intronic sequences, and it has 

been estimated that our genome contains about 2 million SNPs. Somatic mutations are non-

heritable acquired alterations only present in the affected tissue.  

 

Several polymorphisms have shown both harmful and protective qualities, e.g. sickle cell 

anaemia, a defect in the RBC that confers protection against severe malaria, while also 

making them less effective in transporting oxygen. 
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With the environmental factors still being believed to contribute the major risk in malaria, 

why then study genetic variations? A study performed by Mackinnon et al (2005) [128] tried 

to answer this very valid question. This study showed that genetic and undefined household 

factors are responsible for approximately one quarter each of the variability in malaria 

incidents, and the known protection from HbAS cannot, by it self, explain this huge influence 

of the genetics of the host. The long history of co-evolution of humans and Plasmodium 

parasites do give room for the speculation that the parasite would have had a major influence 

on the selection for more protective haplotypes in humans living under a strong malaria 

pressure, giving them a more favourable immune response fighting this parasite. However, 

this specialization seems to critically increase the risk of MS and other autoimmune diseases 

[129]. A connection between malaria and MS has been shown [130]; suggesting that what is a 

favourable genetic pattern in malaria is non-favourable in MS. This can be seen in the 

population of Sardinia where malaria was abruptly eradicated and different autoimmune 

disorders are very prevalent today [131]. 

Red blood cell variations 

Studies of genetic influences on the susceptibility to a malaria infection, have, not 

surprisingly, shown that the majority of the malaria resistance genes are related to the 

structure or function of the RBCs. The most common protective genetic variants are in the 

genes related to sickle cell trait, thalassemias, enzyme deficiencies, ovalocytosis and the ABO 

blood groups. Although these variations account for a large part of the protection against 

malaria from genetic factors, they are not enough to explain the variations in malaria severity 

seen between individuals living in malaria endemic locations. 

Ethnic differences in genetic background 

Several studies have demonstrated differences in susceptibility to malaria between different 

ethnic groups. The Tharu people in Nepal and the Orang Asli in Malaysia both showed a 

lower susceptibility to malaria as compared to other ethnicities in the same areas [132, 133], 

and in West-Africa, the Fulani showed a higher frequency of splenomegaly and lower 

incidences of malaria than other sympatric groups, despite the same exposure to malaria and 

no apparent differences in socio-cultural circumstances [134]. This finding was later 

confirmed by various studies, showing that the Fulani have a lower parasite prevalence and 

density and have a more prominent spleen enlargement compared to other ethnic groups [135, 

136]. Moreover, the Fulani have generally higher anti-malarial antibody responses, including 

antibodies against both liver stage [137, 138] and blood stage antigens [138, 139], as well as 
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against crude P. falciparum blood stage extract [136]. Human leukocyte antigen (HLA) 

analyses have shown that the Fulani are genetically distinct from other African ethnic groups 

[140]. Furthermore, established genetic malaria resistance factors, like haemoglobin S and C, 

alpha thalassemia, G6PD and HLA B, have been shown to occur at a lower frequency in the 

Fulani than in their sympatric neighbours [136, 141]. The proportion of individuals not having 

any of these protective alleles was more than 3-fold greater in the Fulani, as compared to the 

other ethnic groups [141]. IL-4 levels and polymorphisms have been suggested as one 

contributing factor to this lower susceptibility to malaria in the Fulani [101, 142], but these 

findings are not enough to explain these ethnic differences. Thus, many studies are ongoing, 

covering a wide range of possible effector functions, e.g. cytokine expression, TLR 

expression, cell activation and receptor functions. 

Polymorphisms in Fcγ receptor genes 

The Fcγ receptors on monocytes and other leukocytes are important structures in the immune 

defence against pathogens, since the binding of antibodies to the Fc-receptors provokes 

biological functions as e.g. antibody dependent cell cytotoxicity (ADCC), ADCI and 

phagocytosis [143]. Polymorphisms that change their function or distribution have been 

reported (fig. 13) [144], and this could have an influence on the susceptibility to different 

infections, such as malaria, where it has been known for many years that IgG antibodies are 

important in the protection and clearance of the infection [108, 114]. Moreover, immune-

complexes acting through FcγRII induce IL-6 and IL-10 production from peripheral blood 

mononuclear cells (PBMC) [145], two cytokines which could affect the outcome of the 

malaria infection.  

 
Figure 13. The family of human Fcγ receptors with the polymorphisms that has been analysed in this 
thesis, except for FcγRIIc Q13 STP. Adapted from Nimmerjahn 2008 [57]. 
 

The FcγRIIa has a dimorphism in amino acid 131, resulting in an arginine (R) to histidine (H) 
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substitution. The H-allotype receptor is the only efficient receptor for IgG2 [146]], and that 

same allele has in some previous studies been associated to an increased susceptibility to 

malaria (reviewed by Braga et al [147]). However, there are also a number of studies 

reporting the opposite, i.e. an association of the H-allotype with protection from malaria [148-

152]. As, mentioned previously, CRP may bind to FcγRIIa, and, importantly, the R131 

receptor allotype shows higher affinity in this regard [153].  

 

The FcγRIIb is the only inhibitory FcγR, capable of inhibiting various aspects of the immune 

response, e.g. antibody responses, cytokine production, antigen presentation and phagocytosis 

[154]. FcγRIIb-deficient mice have been shown to have a reduced P. chabaudi chabaudi 

parasitemia and disease severity [155]. A substitution within the transmembrane domain 

encodes a threonin (T) for isoleucine (I) substitution at position 232, and FcγRIIb 232T is 

found at a higher frequency in areas where malaria is endemic, suggesting a protective 

influence of this allele on malaria [155].  

 

FcγRIIc is expressed on NK cells, and a change from glutamine (Q) to a stop codon at amino 

acid position 13 in exon 3 affects the expression of the receptor [156], which could have an 

effect on the NK cells [157]. 

 

FcγRIIIa has a dimorphism at amino acid 176, changing a phenylalanin (F) to a valine (V) in 

the membrane proximal extracellular domain, encoded in exon 4. The V/V allotype receptor 

has shown a higher affinity for IgG1, IgG3 and IgG4 than the F/F allotype receptor [158]. In 

malaria, so far, no associations have been shown between this polymorphism and severity of 

the malaria infection [159]. 

 

FcγRIIIb can occur as neutrophil antigen (NA) 1 or 2, differing in 4 amino acid positions. 

NA2 homozygozity is related to a lower phagocytic capacity. NA2, in combination with 

FcγRIIa 131 H/H, has been associated with an increased susceptibility to cerebral malaria 

[160]. 

 

C-reactive protein gene polymorphisms 

As mentioned previously, CRP is an acute phase protein that increases rapidly in the 

circulation during infections and inflammations. Studies on P. falciparum malaria have 
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related high circulating CRP levels with parasite density and severity of the malaria infection 

[161, 162], while in individuals with asymptomatic P. falciparum infections, plasma levels of 

CRP are low [163, 164]. The role of CRP in P. falciparum infection is not clear, CRP has 

been associated with complement mediated haemolysis of infected erythrocytes and 

subsequent anaemia [165], but was also implicated in the defence against pre-erythrocytic 

stages of malaria [166]. Importantly, CRP induces the anti-inflammatory IL-10 [26], which 

could affect the early immune responses seen in a malaria infection. 

 

Several polymorphisms have been reported in the CRP gene (fig. 14), however only three of 

them are showing convincing functional effects (-717, -286, +1444), although the most 

promising functional polymorphism would be the -286 (rs3091244). This polymorphism in 

the promoter region of the CRP gene is tri-allelic (C>T>A) and it has been strongly associated 

with the circulating concentrations of CRP [167].  

 
Figure 14. Some of the most studied polymorphisms in the CRP gene, with the three analysed in this 
thesis highlighted. 

Cytokine gene polymorphisms 

Cytokines are important players in the immune responses and polymorphisms in cytokine 

genes can have effects on many down stream functions. The levels of CRP are easily affected 

by cytokines; hence SNPs in different cytokine genes could affect the circulating levels of 

CRP. Also, important functions related to clearance/control of different pathogens could be 

severely affected. 

 

High levels of IL-6 increase the risk of a fatal outcome in a malaria infection [168], but IL-6 

and its soluble receptor sIL-6R can regulate proliferation and damage in hepatocytes [169], 

and IL6 also functions as a B-cell stimulatory factor to induce antibody production [61]. IL-6 

is also a very potent inducer of CRP [61], and two polymorphisms in the IL-6 promoter 

region, -174 G/C and -634 G/C, strongly influence the circulating CRP levels [170]. 
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As mentioned earlier, IL-10 may limit the production of proinflammatory cytokines and 

chemokines, and can thereby regulate the inflammatory response during an infection [171], 

thus promoting a lower clearance but with limited symptoms [64, 172]. The up-regulation of 

Treg in a malaria infection has been shown to increase the parasite growth [173], and the 

involvement of IL-10 in the generation of peripheral Treg [66] is interesting findings. A recent 

study demonstrated that the Fulani present a functionally impaired Treg repertoire as 

compared to their sympatric neighbours [174]. Three functional polymorphisms in the 

promoter region of the IL-10 gene (-1087, -819, -592) have been associated with the expressed 

levels of this cytokine [67, 68] and these could have an influence on the malaria infection 

progress. 

 

IL-1β is a strong activator of the acute phase response and inflammation and it has been 

related to the pathogenesis of many diseases. Three gene polymorphisms in the promoter 

region (-3737, -1464, -511) predict the clinical levels of IL-1β and CRP [60], and a recent 

study from Kenya associated the haplotype -31C/-551A with an increased risk of severe 

malarial anaemia and lower circulating IL-1β levels [175]. 

 

TNF is also a stimulator of the acute phase response, and it has also been related to the 

pathogenesis of complicated P. falciparum malaria. TNF has been shown to be elevated in 

patients with P. falciparum malaria, and high levels of TNF correlates with disease severity 

and death [176]. The gene for TNF is highly inducible and, polymorphisms in the promoter 

region could therefore have an effect on TNF production. Several polymorphisms have been 

studied with regard to this hypothesis and four of them (-1031, -863, -308, -238) have been 

defined as strong influencer of TNF levels and different disease outcomes [177-181]. 

 

 Effects of co-infection with helminths, viruses and bacteria 

Helminths are very prevalent in areas where malaria is common, and co-infections are very 

common and deserve attention, since they could have a great impact on each other. Several 

studies suggest that a helminth infection can increase the susceptibility to P. falciparum 

infections. In children with a high exposure to both P. falciparum and Schistosoma mansoni 

there was a considerable exacerbation of splenomegaly, and despite anti-schistosome 

treatment the increase in spleen enlargement remained high [182]. In contrast, a protective 
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effect of infection with S. haematobium on P. falciparum malaria has been reported, so the 

influence on susceptibility to malaria seems to be highly influenced by the type of helminth, 

age of the individual and intensity of the infection [182]. The immune response induced by 

the acute phase of an Schistosoma infection is pro-inflammatory, while after egg deposition it 

is shifted towards an anti-inflammatory response. This could have severe effects on the 

outcome of a P. falciparum infection, since a to high pro-inflammatory response will mediate 

more severe malaria pathology, and a too fast control of the pro-inflammatory environment 

will result in a uncontrolled parasitemia [182]. Interesting reports of a protective effect of 

Ascaris lumbricoides have shown that, in individuals with a co-infection of P. falciparum and 

A. lumbricoides, there are less circulating P. falciparum parasites. This could have a impact 

on the development of cerebral malaria due to the assumable lower number of parasites ready 

to sequester [182]. 

 

Co-infections of malaria parasites with different viruses and bacteria have not been as well 

studied. One of the most severe human diseases, HIV/AIDS, has an overlapping geographical 

distribution with malaria, and studies have been performed to elucidate how these two 

infections could affect each other. So far, no conclusive results have been presented (reviewed 

by Rénia and Potter 2006 [183]), but since HIV infects CD4+ T cells, important for 

development and maintenance of anti-malarial immunity, it would be expected that these two 

infections could interfere with each other. Another severe infectious disease with similar 

geographical distribution is tuberculosis, and it has been showed that co-infected mice where 

less likely to contain the Mycobacterium tuberculosis infection and had increased mortality 

[184]. However, the understanding of the interactions between malaria parasites and M. 

tuberculosis and other bacteria is very limited [185]. 
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The present study 

Aim of the thesis 

It has been known for a long time that antibodies confer protection against malaria. However, 

the isotypes of the antibodies and by which mechanism they function is still unclear. 

Moreover, other factors could inhibit the effect seen by antibodies, and if these are not 

identified, the results will be misleading. In this thesis the aim was to identify new aspects of 

antibodies as protective agents in malaria infections. With a genetic approach we tried to 

describe important pathways related to the action of antibodies in the complex immune 

response during an infection. In short, paper I and II are investigating antibody patterns, paper 

II-V genetic variations that could have an effect on malaria susceptibility. 

 

The specific objectives were: 

• To define the patterns of antibodies that could have a protective effect on malaria 

infections, paper I and II aimed to investigate the possible ethnic differences in 

malaria and non-malarial pathogen reactive antibody concentrations as well as total 

(paper I) and to define the IgG subclass pattern in both malaria reactive and total IgG 

subclass antibodies (paper II). 

• The Fcγ receptors mediate many of the biological effects of antibodies, and these 

actions could be affected by polymorphisms in the genes coding for the receptors. 

Paper II and III aimed at investigating possible ethnic differences in the FcγRIIa 

R131H polymorphism (paper II) and the FcγRIIb T232I, IIc Q13Stop, IIIa F176V and 

IIIb NA1/NA2 polymorphisms (paper III) and their possible roles in IgG subclass 

distribution and malaria susceptibility. 

• CRP is an acute phase protein that can bind to the FcγR and might thereby have a 

blocking effect on the binding of IgG antibodies. The levels of CRP are difficult to 

measure, but functional polymorphisms in the CRP gene as well as several cytokine 

genes have shown an influence on the concentration of CRP. Paper IV and V aimed at 

investigate the influence of the CRP -286 C/T/A, -717 T/C and +1444 C/T 

polymorphisms (paper IV) on malaria susceptibility, and investigate the influence of 
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polymorphisms in cytokine genes (Il-1β, IL-6, IL-10 and TNF) on CRP and 

susceptibility to malaria (paper V). 
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Mali 

Country profile and health status 

Mali is a vast, semi-arid, landlocked country covering 1.2 million km2, of which 60% is 

desert. It is a vast land of plains fed by two major rivers: the Senegal on its western edge and 

the great River Niger. Mali’s economic growth was 5.3% per year on average for the 2003-06 

period, driven primarily by gold mining, and transport and telecommunication services. 

Despite favourable economic growth, Mali remains one of the world's poorest countries, rated 

173 out of 177 countries (UNDP Human Development Index 2007/2008), and poverty 

remains mainly a rural problem. Mali’s population of 12 million is predominantly rural, with 

a growth rate of 2.7% a year. Life expectancy is 53 years, 48% of the population are younger 

than 15 years, 49% are between 16 to 64 years and only 3% are older than 65 years. The 

maternal mortality ratio is 1200 deaths per 100 000 live births, the infant mortality rate is 121 

deaths per 1000 live births, and the under 5 year mortality is 219 per 1000 live births (WHO 

Country Health System Fact Sheet 2006, www.who.int/countries/mli/en/ ). The major causes 

of death in children less than 5 years of age are neonatal causes, pneumonia, malaria and 

diarrhoeas, which are also the most common causes for all ages (WHO Country Health 

System Fact Sheet 2006, www.who.int/countries/mli/en/ ).  

 

The presence of malaria differs in the country, it is absent in the northern parts and endemic in 

the southern parts, and the transmission season varies from north to south (fig. 15). 
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The malaria situation in the study area 

The participating villages in Mali were Mantéourou, Naye, Binédama and Anakédié, located 

approximately 850 km from Bamako close to Bandiagara (fig. 16). The Mantéourou and Naye 

are divided into two subdivisions, Mantéourou Peulh and Mantéourou Dogon and Naye Peulh 

and Naye Dogon-Dinsogou. The two subdivisions are separated by 300-500 meters and 

inhabited by either the Fulani or the Dogon ethnic groups. The other two villages, Binédama 

and Anakédié, are exclusively populated by either Fulani or Dogon, respectively, and are 

located approximately 1000 meters apart. The transmission in this area is meosendemic with a 

rainy season extending from June to October. The mosquito infection rate (MIR) and the 

entomologic inoculation rate (EIR) are rather similar between the villages [136]. The main 

vector in this area is An. gambiae s.l with a minor contribution of An. funestus [136]. The use 

of bed nets has been reported to be at the same frequency in the two ethnic groups living in 

the area, and episodes of clinical malaria were more frequent in the Dogon ethnic group than 

in the Fulani [136]. Intestinal parasitosis was more frequent in the Fulani, while other 

diseases, such as pulmonary infections, diarrhoeas, rheumatologic, dental, ophthalmologic, 

and dermatologic disease, were found at the same incidence frequency in the two ethnic 

groups [136]. 

 

 
Figure 16. The study area in Mali. Adapted from Dolo et al. 2005 [136], reprinted with permission from 
the American Journal of Tropical Medicine and Hygiene 
 

No intermarriages occur between the Fulani and the Dogon in these settings, and although 

these villages are sharing the same environment, some cultural and social differences are 

present; Fulani are cattle breeders while Dogon are farmers. This has some effects on their 
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diets, with the Fulani eating more milk-based products than the Dogon (Prof. A. Dolo, 

personal communication). 

 

Sudan 

Country profile and health status 

Sudan is situated in the north-eastern corner of Africa, and it is the largest country on the 

African continent. Despite its internal conflicts, Sudan has a good economic growth, and is 

being ranked as 147th out of 177 countries (UNDP Human Development Index 2007/2008). 

The majority of the Sudanese population of 40 millions is rural, with a growth rate of 2.5% a 

year. Life expectancy is 57.4 years, 41.7% of the population is younger than 15 years, and 4% 

is older than 65 years. The maternal mortality rate is 590 deaths per 10,000 live births and the 

infant mortality rate is 62 deaths per 1000 live births, and the under 5 year mortality rate is 91 

deaths per 1000 live births (WHO Country Profiles, www.emro.who.int/sudan). The major 

causes of death in children under five years of age are neonatal complications, malaria, 

pneumonia and diarrhoeal diseases, while the top causes for death in the overall population is 

ischemic heart disease, malaria, HIV/AIDS and diarrhoeal disease (WHO, Mortality Country 

Fact Sheet 2006, www.who.int/countries/sdn/en/ ).  

 

The malaria transmission differs from the north to the south. In the northern, eastern and 

western states, malaria is mainly low to moderate with predominantly seasonal transmission 

and epidemic outbreaks. In southern Sudan, malaria is moderate to high or highly intense, 

generally with perennial transmission (fig. 17).  
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The malaria situation in Daraweesh 

The study area in Sudan is located in the Daraweesh village in the Gedaref State in eastern 

Sudan, 450 km from Khartoum and 16 km from the Gedaref town. Malaria transmission is 

markedly seasonal and unstable in this area, with more than 95% of the yearly cases occurring 

in September – November [186] and the annual peak parasite prevalence ranges from 1 to 

40% in different years [187]. The EIR has been estimated to 2 infected bites/year, the 

transmission is hypoendemic and P. falciparum is responsible for more than 96% of the 

malaria cases [186]. 

 

The majority of the people in Daraweesh are descendants of migrating Fulani from Burkina 

Faso, reaching Daraweesh around 120 years ago [186]. 
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Comments on methodology 

Some of the methods used in the included papers deserve a more detailed description of the 

theory behind them. This section also comments upon the statistics used in the papers, the 

ethical permissions and informed consents obtained in the studies. 

 

Pyrosequencing™ 

To genotype a tri-allelic polymorphism can be complicated. If using common restriction 

enzyme methods, it usually requires two or more enzymes and the results will be highly 

subjected to errors during the analysis. Instead, we used pyrosequencingTM in order to obtain 

a qualitative analysis of the tri-allelic polymorphism analysed in paper IV. Pyrosequencing™ 

is a non-electrophoretic method for DNA sequencing, based on the “sequencing by synthesis” 

principle. It relies on an enzymatic cascade that starts with the release of pyrophosphate (PPi) 

as a result of nucleotide incorporation by the Klenow fragment of DNA polymerase I. ATP 

sulfurylase will convert the released PPi to ATP, which will facilitate the oxidation of 

luciferin and generate light. Since the added nucleotide is known, the template sequence can 

be determined. A pyrase is included in the pyrosequencing reaction in order to degrade 

unincorporated nucleotides and excess ATP between the base additions. If not included, these 

will disturb the light signals from the incorporated nucleotides. In short, the technique is 

performed as follows: The template DNA is amplified using a biotinylated primer and the 

product is subsequently immobilised with streptavidine coated sepharose beads. A careful 

wash removes salts and other PCR leftovers, followed by a pH change that results in single-

stranded PCR products. After hybridization of a specific sequencing primer, the obtained 

template is run on a pyrosequencing apparatus. The obtained result file is a pyrogram, in 

which the sequence of the template can by viewed.  

 

Taqman® MGB probes 

In paper IV and V, Taqman® MGB probes were used. This enabled us to run the analyses in 

384-well plates, which limit the time and handling, and moreover this method is, if designed 
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properly, highly accurate and easily interpreted. The Taqman® MGB probes from Applied 

Biosystems rely on the specificity of the two probes recognizing the two different alleles. The 

probes are linked to reporter dyes (VIC® or FAMTM) in the 5’ end and a minor groove binder 

(MGB) at the 3’ end of the probe. The MGB modification increases the melting temperature 

of the probe, allowing shorter probes, which produce a more robust allelic discrimination. In 

short, the technique is performed as follows: During the PCR the specific probes and primers 

anneal to their complementary sequence, the AmpliTaq Gold® DNA polymerase extends the 

primers and cleaves only probes that are hybridized to the target sequence. This separates the 

reporter dye from the quencher dye, which results in increased fluorescence by the reporter. 

Thereby making it easy to discriminate between allele 1 and 2, which can be illustrated in an 

allelic discrimination plot. 

 

Statistics 

Hardy-Weinberg equilibrium 

In paper II-V the frequencies of the alleles were checked for Hardy-Weinberg equilibrium 

(HWE) using a χ2-test. The Hardy–Weinberg principle is used in population genetics and 

states that the genotype frequencies in a population remain constant or are in equilibrium 

from generation to generation. A statistically significant deviation from the HWE could 

indicate that the population in question is subjected to non-random mating, selection pressure, 

random genetic drift or gene flow. Sometimes it is also used to control if the genotyping is 

correctly performed, since it is very rare to find alleles deviating from HWE. 

Non-parametric tests 

When the obtained data is not normally distributed, all analyses should be done with non-

parametric tests. These tests are more robust for differences in the distributions within the 

data and will therefore not be affected by this. Mann-Whitney U-test is used when comparing 

two groups, and does not require normally distributed data, however it does assume that the 

two distributions are similar. It is almost impossible to identify a similar distribution in a 

sample population, therefore it is mostly a theoretical issue, but if it is known before that the 

two populations are different in their distribution, another test should be used. In paper I we 

used non-parametric tests to detect differences in levels of malaria reactive as well as total 

antibody levels. 
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Parametric tests 

When the data is normally distributed, a parametric test can be used. Parametric tests require 

that the data is normally distributed and that the variances are similar. These requirements are 

rarely fulfilled completely, but most parametric tests can hold for small deviations between 

the groups. It is commonly accepted to normalize data that is not normally distributed and the 

easiest is by log-transformation. This could make the data normally distributed and also 

stabilize the variances. In this thesis, the data in paper II was transformed, which made it 

possible to use parametric tests for the analyses. This simplified the analyses and made the 

result more robust since fewer tests could be used and thereby limiting the probability of 

presenting false-positives. 

 

Correction for multiple tests 

When testing the same variables in multiple independent tests, it is advised to correct for the 

number of tests you perform, otherwise it is possible to present false-positives. The term 

statistically significant actually means that a given result is unlikely to have occurred by 

chance. The Bonferroni correction is the easiest and mostly used correction method, and it is 

simply done by dividing the chosen significance level with the number of tests performed on 

the same data. For example, to test two independent hypotheses on the same data at a 0.05 

significance level, one would use the stricter threshold of 0.025 if corrected by Bonferroni. 

 

Regressions 

Regression analysis is used when considered necessary to predict a dependent variable from a 

number of independent ones. If more than one independent variable is known, multiple 

regressions can be used. When using regressions, it is important to remember that we can say 

that variable X predicts Y, we cannot say variable X causes Y.  

 

Association analysis using UNPHASED 

UNPHASED is a software for performing genetic association analysis in both families and 

unrelated individuals. It implements maximum-likelihood inference on haplotype and 

genotype effects while allowing for missing data. UNPHASED is distributed free of charge 

under the GNU public license, and it is developed by Frank Dudbridge [188], 
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http://www.mrc-bsu.cam.ac.uk/personal/frank/software/unphased/. Paper II-V used 

UNPHASED (version 2.403) to analyse associations of genotypes and haplotypes. 

 

Ethical permissions 

Ethical clearance of the studies were obtained from: The Ethical committee of the Faculty of 

Medicine and Pharmacy of Mali, the Ethical committee of Karolinska Institute, Sweden, The 

Ministry of Health of Burkina Faso, and the Ethical Committee of University of Khartoum 

and national clearance from the Sudanese Ministry of Health. 

 

Informed consents were obtained from all individuals or their guardians included in the 

studies. In Mali this was done in a two-step manner. First an oral community consents, in 

which the investigators explains the aim of the study to the inhabitants of the village, the chief 

of the village and the healers. Second, the individual consents are obtained for each 

participating individual just prior to the blood collection, an alphabetized volunteer puts his 

signature and the non-alphabetized signs with his or hers finger print. This procedure was 

similar in Burkina Faso and Sudan. 
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Results and complementary discussions 

Antibody levels and patterns of malaria reactive antibodies in relation to 
malaria susceptibility  

The well-known relative resistance to malaria seen in the Fulani ethnic group, as compared to 

other sympatric ethnicities, has been related to the higher concentrations of anti-malarial 

antibodies seen in the Fulani [139]. The ability to mount a stronger anti-malarial immune 

response was suggested to be at least in part genetically regulated [101], and this is the main 

focus of this thesis. However, in order to evaluate antibody responses in this context it is 

important to assess if it is a malaria specific phenomenon we are studying or a general 

activation of the immune system. 

 

Therefore, we first investigated if Fulani individuals are generally more reactive also to 

antigens from other pathogens than malaria parasites, or if it is a pathogen-specific reaction. 

We designed a panel of non-malarial antigens, including the measles and rubella viruses, 

Toxoplasma gondii, Helicobacter pylori, and a Mycobacterium antigen (PstS-1 [189]). The 

IgG antibody responses against these antigens were analysed, as well as the total 

concentrations of IgM and IgG in Fulani and non-Fulani individuals from Burkina Faso and 

Mali (I). Furthermore, the total IgG subclass concentrations were determined in individuals 

from Mali (II). Higher concentrations of IgG reactive with the measles and T. gondii antigens 

in the Fulani compared to the other ethnic groups were detected in both countries. Only the 

Malian Fulani showed higher antibody levels against the Mycobacterium PstS-1 compared to 

their sympatric tribe, while no difference was seen in Burkina Faso for this antigen. For 

rubella and H. pylori, no differences between the ethnic groups were seen. All antigens, 

except the recombinant PstS-1, were crude heat inactivated extractions, making it possible to 

assume that native antigens were detected. Measles and T. gondii are common infections in 

these settings and the results obtained for these two antigens suggest that these two share 

epitopes with P. falciparum, and that cross-reactive antibodies might have been detected in 

our analyses. These findings suggest that the Fulani are not hyper-responsive to all antigens, 

but also that the higher IgG responses are not exclusively specific for malaria. Measles and T. 

gondii may also show cross-reactivity with the soluble schizont antigens from P. falciparum, 

which also has been shown to signal through TLR9 [190-193]. Thus, polymorphisms in TLR9 
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[194] can be a contributing factor for the differences in anti-malaria response seen between 

Fulani and their sympatric neighbours. 

 

While the total IgG concentrations did not differ between the two ethnic groups in either 

country, total IgM levels were shown to be higher in Fulani than in the non-Fulani (I). No 

differences between the two ethnic groups were shown when comparing total IgG subclasses, 

except for IgG4, were the Dogon showed slightly higher concentrations than the Fulani (II). 

This confirms in part the previous suggestion [174], that the relative resistance seen in the 

Fulani as compared to other sympatric ethnic groups appears to be pathogen related, but also 

that this higher response is not a result of a generally more activated immune system in the 

Fulani. 

 

Despite a difference in transmission intensity, Fulani from Mali showed similar levels of P. 

falciparum specific IgG, IgM and IgG subclasses as the Fulani from Burkina Faso (I). Fulani 

from both Burkina Faso and Mali had higher levels of all malaria-specific antibodies when 

compared with those of the respective sympatric ethnic groups. The higher levels of anti-

malarial IgG and IgM in the Fulani groups, suggest a role of these antibodies in the lower 

susceptibility to malaria seen in Fulani. This is in line with previous studies, suggesting a role 

of malaria specific IgG and IgM in the defence against malaria [108, 195]. It has been shown 

that B cells expressing IgM can persist long after the malaria transmission seasons [195, 196], 

which could be further supported in our results by the higher total concentrations of total IgM 

in Fulani as compared to non-Fulani groups.  

 

Anti-malarial IgG subclass antibodies have been shown to be important in malaria immunity, 

in particular, antibodies of the cytophilic IgG1 and IgG3 subclasses having been related to 

protection [197]. The suggested mechanism by which these subclasses are protective, 

involves their binding to the Fc receptors on monocytes, leading to ADCI of parasite 

replication [197, 198]. This is supported by our results, since the two most predominant IgG 

subclasses in both study I and II are IgG1 followed by IgG3. However, in study II we also 

detected a high IgG2 response in some Fulani individuals. The ratios between IgG1:IgG2, 

IgG1:IgG3 and IgG2:IgG3, showed generally high IgG1, IgG2 and IgG3 responses in the 

Fulani groups, while the Dogon had predominant IgG1 and IgG3 responses. The previous 

suggestion, that IgG1 and IgG3 are the most important IgG subclasses in the protection 

against malaria, are mainly based on the finding that IgG1 and IgG3 can induce opsonisation 

of infected red blood cells, while IgG2 and IgG4 have been shown to inhibit this opsonisation. 
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[198]. However, some reports suggest a protective role of anti-malarial IgG2, with high IgG2 

and low IgG4 levels of certain anti-malarial antibodies being associated with resistance to P. 

falciparum malaria [148]. The data reported here showed that the Fulani have higher anti-

malarial IgG2 levels compared to the Dogon, while IgG4 were similarly low in the two ethnic 

groups. This suggests that the association of high IgG2 and low IgG4 levels reported by 

Aucan et al [148] could be a contributing factor for the relative resistance to malaria seen in 

the Fulani. The results in study I and II support the hypothesis by Eisenhut [199] that it is a 

IgG subclass pattern that is important for protection rather than the single IgG subclasses by 

themselves.  

 

Overall, the differences in levels and patterns of malaria reactive antibodies could be a major 

reason for the lower susceptibility seen in the Fulani group. There are some possible causes 

for these differences, one being differences “downstream”, for example the known 

polymorphic FcγRIIa, where the mutated protein is the only FcγR that can bind IgG2 

efficiently. This could have an impact on the cytokine production by the effector cells, and 

thereby affect the cytokine milieu, which has a major influence on the Ig class switching. 

Second, “upstream” mechanisms, such as cytokine production and polarisation, have been 

shown to affect the Ig isotypes. Polymorphisms in cytokine genes, or other genes with an 

influence on cytokine production, can affect the production of the proteins and this could 

affect the Ig class switch.  

Genetic variations and ethnicity 

FcγR polymorphisms: are they relevant for malaria susceptibility? 

The Fcγ receptors are important structures in the antibody related immune defence against 

pathogens, and functional polymorphisms in the genes coding for these receptors could 

influence the capacity to control or clear infections in the host. We analysed known functional 

polymorphisms in the genes coding for the five low to medium affinity FcγR, FcγRIIa-c, and 

FcγRIIIa-b, in asymptomatic individuals from Mali. 

 

The FcγRIIa R131H genotype has shown a possible potential to influence the IgG subclass 

concentrations [200], and the RR genotype has been associated with protection from severe 

malaria in several studies [147]. However, our FcγRIIa R131H genotype results (II) are 

contradictory to this, since we could show that the RR genotype and R-allele is associated 
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with the Dogon ethnic group. The previously suggested susceptibility allele was more 

common in the Fulani than in the Dogon, despite a lower susceptibility to malaria in the 

Fulani group. This is supported by an independent study in Sudan [201], were the same 

results were seen; the HH genotype is more common in the Fulani. Recent reports from Brazil 

[152], India [151] and Sudan [149] have shown a correlation between the H allele and 

protection from severe malaria, further strengthening our finding. Moreover, this suggests that 

more factors than malaria could be influencing the 131 R/H polymorphism, and the protection 

associated to this. Pathogen pressure is an obvious factor that has shown a tremendous effect 

on genetic selection for many pathogens. Different settings could have differences in the 

selection for favourable alleles, depending on what other pathogens that are present and at 

what intensity. The FcγRIIa 131H allele will give a better protection to encapsulated bacterial 

infections promoting an IgG2 response [202], and even if this selection pressure seems to be 

low worldwide, it could be detrimental in smaller isolated populations, giving an explanation 

to the inconclusive results that have been published regarding the FcγRIIa R131H 

polymorphism.  

 

For the FcγRIIB T232I, FcγRIIc Q13STP, FcγRIIIA F176V and FcγRIIIb NA1/NA2, no 

ethnic differences in genotype or allele frequencies could be detected in our material (III), 

giving an additional hint of the possible importance of the FcγRIIa R131H polymorphism. 

FcγR are involved in several important biological events, however early in an infection it 

would be more important with a triggered innate defence and not a highly specialised antibody 

response. The polymorphisms in the FcγR will have no influence on the initial infection, 

unless the parasite has been recognised before and thereby initiated an antibody response. 

Any new antigenic variants will not primarily be attacked by antibody dependent functions, 

but rather by innate effector functions. Defects in these primary responses would affect the 

following development of the immune responses and hence the antibody production. Hence, 

the effect of polymorphisms in FcγR genes will most likely not affect the primary infection 

but the following re-infections.  
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CRP – a potent player in malaria susceptibility? 

The acute phase protein CRP raises dramatically during inflammations and infections, and 

high levels of circulating CRP has been correlated to high malarial parasitemia [161, 162]. 

Importantly, CRP induces the production of IL-10 [26], which could affect the delicate 

balance of pro- and anti-inflammatory cytokines that is important to maintain in malaria 

infections. Moreover this could have an effect on the IgG subclass switch, since IL-10 

induces IgG1 and IgG3 in humans [203]. Thus, CRP could affect the antibody levels, and 

thereby be one reason for the different anti-malarial antibody levels and patterns seen in 

Fulani and their sympatric ethnic neighbours. Several functional polymorphisms have been 

reported in the CRP gene [204] although the polymorphisms showing the most promising 

functional effects on circulating CRP concentrations would be the positions -717, -286, +1444 

in the CRP gene [167, 204].  

 

We have been able to show clear ethnic differences in allele frequencies for the CRP -286 

C/T/A polymorphism in two independent cohorts in Mali and Sudan (IV), with the A-allele, 

previously associated with higher CRP levels, being more common in the non-Fulani groups of 

both countries. The -717 SNP only showed a difference in genotype frequencies in Mali, with 

the high producing T allele being more common in the non-Fulani group (IV). The +1444 SNP 

did not show any difference in genotype frequencies in neither Mali nor Sudan (IV). The 

presence of the two high producing alleles -717 T and the -286 A in the non-Fulani groups 

suggests that CRP concentrations could be responsible for part of the lower susceptibility to 

malaria seen in the Fulani ethnic groups.  

 

Can cytokine gene variations be a factor in malaria susceptibility? 

Cytokines are important players in the immune response against Plasmodium parasites. It has 

been suggested that a balanced pro- and anti-inflammatory cytokine response is crucial for an 

efficient clearance of the parasite without an unacceptable pathology [205]. Genetic factors 

have been postulated to play a role in the differences in the inflammatory response between 

different individuals. The highly polymorphic promoter regions of IL-1β and TNF have been 

suggested to contribute to the stable inter-individual differences in inflammatory responses. 

Moreover, cytokines can affect the acute phase response, and the results we obtained for the 

CRP gene variants led us to investigate some cytokines related to CRP production. We 
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analysed polymorphisms in the IL-1β, IL-6, IL-10 and TNF genes in individuals from Mali 

and Sudan, in order to find a possible explanation to the difference in susceptibility to malaria 

seen in the Fulani as compared to sympatric neighbours (V).  

 

Only one of the analysed polymorphisms had a similar pattern in genotype frequencies in 

both Mali and Sudan. The low producing A allele of the -1087 IL10 polymorphism was more 

common in the Fulani groups than in the non-Fulani groups. This confirmed a previous study 

in Mali, where this A allele was found to be more prevalent in the Fulani group [67]. Together 

with the results from the -286 CRP polymorphism (IV), it appears as if Fulani individuals 

from both Mali and Sudan are not only low producers of CRP, but also of IL-10. This could 

have a tremendous effect on the anti-inflammatory responses in this ethnic group, and 

moreover be a possible reason to the lower susceptibility to malaria in this group. 

 

For the Mali groups, significant interethnic differences in genotype frequencies were found in 

the IL-1β -1464 G/C SNP, with the proposed low-producing C allele being more frequent in 

the Fulani ethnic group. This polymorphism did not show any interethnic differences in the 

Sudanese cohort. Instead, the -511 A/G and the -3737 G/A SNPs showed a significant 

difference in both genotype and allele frequencies, with the low producing -511 A allele being 

more common in the non-Fulani group, while the low producing -3737 A allele was more 

frequent in the Fulani group. Also in Mali, there was a tendency for a similar pattern as seen 

in Sudan regarding the allele frequencies of the -511 polymorphism, although the interethnic 

differences did not reach statistical significance, the allele associated to low production of IL-

1β being more prevalent in the non-Fulani group. Several reports have associated the IL-1β 

SNP with clinical phenotypes and outcomes of various inflammatory diseases [60], however 

there are inconsistencies in terms of which specific polymorphic sequence is giving a certain 

clinical phenotype. It may therefore be a question of intensity of the infection pressure that 

gives these differences between the Mali and Sudan cohorts. The variations in the promoter 

region of IL-1β do suggest a possible influence on the susceptibility to malaria, however, 

rather by a haplotype pattern than by a single polymorphism. 

 

TNF is a cytokine that has been intensively studied in malaria infections, and the main idea for 

the moment is that TNF is one of the important cytokines that are involved in the clearance of 
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the parasites, however an excess of TNF may lead to severe pathology [176]. TNF is also a 

key inducer of the acute phase response. Polymorphisms in the promoter region of the TNF 

gene (-308, -238, -863, -1031) have been related to different malaria outcomes and severity of 

the infection [151, 177-181, 206]. The A allele of the -308 TNF SNP did show an ethnic 

difference in genotype and allele frequencies in Mali, with the A allele more frequent in the 

non-Fulani group. For our Sudan groups, the -308 did not show any difference, while the -238 

A/G did, with the -238 A allele being more common in the non-Fulani group. When comparing 

asymptomatic individuals to symptomatic patients in Mali, the -308 allele frequency differed 

in the Fulani groups, with asymptomatic individuals having a lower frequency of the A allele 

than symptomatic individuals (Israelsson et al, unpublished data). The A allele of these two 

polymorphisms have been related to cerebral malaria and severe malarial anaemia, respectively 

[180, 181, 206]. The lower frequency of these alleles in the asymptomatic Fulani as compared 

to non-Fulani individuals and symptomatic Fulani individuals, suggests that this 

polymorphism might be responsible for some of the lower susceptibility seen in the Fulani in 

Mali. However, the overall results suggest that a population or individual variation at the TNF 

locus could affect the susceptibility to malaria, and that probably more than one 

polymorphism in this area could have this effect. 

 

Haplotypes 

Haplotypes are often used as a tool to explore clinical associations with genetic variation over 

a more or less broad physical region of the genome. This is an efficient way to capture the 

possible effects of a small number of genetic variants. Haplotypes can also be analysed when 

a number of polymorphisms in the same region or gene have similar biological effects, and the 

combination of these polymorphisms could be of importance. These analyses will be more 

powerful than analyses of each polymorphism alone.  

 

The haplotype analyses for FcγR polymorphisms in relation to ethnicity did not reveal any 

clear patterns, suggesting that there is no combination of these receptor polymorphisms that 

will be particularly more powerful in affecting the malaria susceptibility. However, if we had 

compared the haplotypes among patients with different severity of malaria, the result could 

probably have been different. Thereby we suggest that the different FcγR polymorphisms do 
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not affect the initial susceptibility to malaria, but rather affect the actual infection by 

facilitating a better clearance of the parasites or enhancing the immune responses against the 

infection.  

 

The FcγRIIa 131 H/R polymorphism has been associated to susceptibility to malaria in 

several studies [147, 149, 151], and CRP binds with a higher affinity to the receptor expressed 

by the R allele [153]. The CRP binding might have a competitive effect on the binding of the 

previously indicated malaria protective IgG1 and IgG3 antibodies [114], thereby interfering 

with the parasite neutralisation. Since the CRP gene and the FcγR genes are located in the same 

region on chromosome 1 (fig. 18), we investigated the possibility of a susceptibility locus on 

this chromosome. 

 
Figure 18. The location of the genes coding for CRP, Fcγ receptors and IL-10 on chromosome 1 
 

Although the linkage analysis did not show any linkage between the CRP -286 and FcγRIIa 

131 polymorphisms, the haplotype analyses, interestingly showed associations between 

haplotypes including the CRP -286 A allele and the non-Fulani groups. This suggests that the 

-286 CRP polymorphism might be a genetic factor that could be of high relevance in malaria 

susceptibility. Furthermore, since both the alleles of the FcγRIIa 131 R/H are found in 

haplotypes associated with both Fulani and non-Fulani, and the CRP-286 C>T>A alleles are 

restricted to only one ethnic group, it may be the CRP genotype rather than the FcγRIIa 

allotype that confers the relative protection from malaria seen in the Fulani ethnic groups. 

 

The analyses of the cytokine polymorphisms revealed a possible influence of the different 

alleles on the relative susceptibility to malaria. Haplotype analyses of the polymorphic 

variants within each gene did show a difference in haplotype patterns between Fulani and 
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non-Fulani individuals in both Mali and Sudan, with no major differences between the two 

countries. In general, there was a larger variety of haplotypes in Sudan, but the most prevalent 

haplotypes were the same in both countries, although at different frequencies. The main 

finding being consistent in both Mali and Sudan were regarding the IL-1β high-producing 

haplotype GGG/GGA (higher IL-1β), which were more prevalent in the Fulani groups in both 

countries. Moreover, the IL-10 high-producing haplotype GCC/GCC was more prevalent in 

the non-Fulani groups, while the low-producing haplotype ATA/ATA was found to be more 

frequent in the Sudanese Fulani group. All differences in haplotype frequency between 

asymptomatic and symptomatic individuals were seen only in the Fulani group. Interestingly, 

the haplotypes for the IL-1β and IL-10 polymorphisms that showed a difference between 

symptomatic and asymptomatic individuals also differed between asymptomatic Fulani and 

non-Fulani individuals (Israelsson et al unpublished data), suggesting that these cytokine 

haplotypes could have an influence on the susceptibility to malaria. The TNF haplotype 

TCGG/TCGG did not differ between asymptomatic Fulani and non-Fulani, although found in 

a higher frequency in the symptomatic Fulani individuals. This haplotype has the high-

producing alleles of all the included polymorphisms, which supports the previous studies 

linking high TNF levels to severe malaria. Moreover, this finding suggests that TNF is 

involved in the control of the parasitemia and/or of the infection, but does not exert any 

influence on the susceptibility to the actual infection. IL-6 haplotypes did not show any 

significant differences in frequency between asymptomatic Fulani and non-Fulani. However, 

as for TNF, one haplotype showed a difference between symptomatic and asymptomatic 

Fulani individuals, suggesting that IL-6 is involved in clearance of the infection or the 

protection against the disease, but not in the interethnic differences in the susceptibility to 

malaria seen in the Fulani and non-Fulani ethnic groups. 

Biological associations of the genetic variations 

If a genetic variant or haplotype lacks relevant biological associations, it will be very difficult 

to evaluate its role in a disease. Parasitemia and haemoglobin levels are two well-

characterised factors related to the severity of a malaria infection. The number of msp-2 

clones was lower in H-allele carriers of the FcγRIIa R131H polymorphism than RR 

homozygotes in the Fulani group, while individuals homozygous for the H-allele in the Dogon 

group had fewer parasite positive individuals than the HR and RR genotypes carriers (II). 

Thus, these data suggest a protective effect of the H-allele or the HH genotype, which is 
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supported by the results of other studies [149, 151, 152]. An additional association with the 

haemoglobin levels was seen for the FcγRIIb T232I polymorphism (III), where individuals 

with the II allotype had lower Hb. These results are in line with the study performed by 

Clatworthy et al, demonstrating that FcγRIIb deficient mice are less anaemic and have lower 

parasitemia than wild-type mice [155]. In addition, we showed that parasite positive 

individuals had more often the -286 CRP A-allele than parasite negative individuals, suggesting 

an increase in susceptibility to malaria if the A-allele is present. However, no difference was 

seen for the -717 CRP polymorphism regarding parasitemia, which further emphasises the 

potential importance of the -286 CRP polymorphism in this context (IV).  

 

Our finding that the R-allele of the FcγRIIa R131H polymorphism showed an association 

with the IgG3 antibody levels in both the Fulani and the Dogon further strengthened the 

suggestion of a possible influence of this polymorphism on IgG subclass profile (II). Also, we 

could see a trend for an association of the HH genotype with the total IgG1 levels, and it 

appears as if also the IgG2 levels could be influenced by this FcγRIIa polymorphism. 

However, the results were inconclusive and contradictory in the two ethnic groups, with 

Fulani HH carriers having higher IgG2 antibody levels, while the RR carriers had higher levels 

in the Dogon (II). A study by Scopel et al [207] investigated the association of the FcγRIIa 

131 R/H polymorphism with the antibody responses against the P. falciparum antigens MSP-

1 and MSP-2, but no associations between FcγRIIa allotype and IgG subclass pattern were 

observed. However, MSP-1 and -2 are giving strong IgG1 and IgG3 responses, which could 

disguise an influence of the FcγRIIa allotype. In a recent study, Leoratti et al [152] confirmed 

our results regarding the association of the FcγRIIa H allele with IgG2 antibody levels. 

Leoratti et al used a P. falciparum blood stage antigen, similar to our crude P. falciparum 

extract, suggesting that the possible influence of the FcγRIIa allotypes can be seen on the 

levels of IgG2 antibodies to crude antigen preparations as well as on total IgG subclass levels. 

 

We observed differences in CRP concentrations between the different -717 and -286 CRP 

genotypes, which also was shown in previous studies [167, 204]. However, no associations of 

CRP levels with any of the cytokine haplotypes were detected.  
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Concluding remarks  

The aim of this thesis was to elucidate some of the possible pathways that control antibody 

responses in malaria infected individuals. The genetic approach used in the studies discussed 

above have helped in shedding some light over the ethnic differences in the susceptibility to 

malaria between the Fulani and other ethnicities.  

 

This thesis has showed possible connections between different cytokines, CRP, FcγR, Ig class 

switch and the following antibody responses. A connection between FcγRIIa R131H and IgG 

subclass patterns were shown in paper II. Paper IV showed that the Fulani are genetically 

predisposed to have a lower production of CRP, and an association between the functional 

polymorphism -286 and parasitemia. Paper V showed that the Fulani have a higher frequency 

of the low producing IL-10 and the high producing IL-1β haplotypes, and a lower frequency 

of the alleles in TNF previously associated to severe malaria. Moreover, in paper II we could 

show that the IgG subclass patterns differ between the two ethnic groups. 

 

In an individual with a single malaria infection, inflammatory responses will be rapid, with 

the up regulation of IL-1β, TNF, IL-6, IFN-γ and CRP, which will lead to a control of the 

parasitemia. IL-6 will soon control its own production by the up-regulation of soluble 

receptors, and the increasing concentrations of CRP will induce the production of IL-10. The 

up-regulation of IL-10 by the cells, will lead to a lower control of the parasitemia, due to the 

anti-inflammatory action of IL-10, but also to a reduction in the symptoms, as inflammation 

increases the severity of the symptoms. In all, this balanced response will clear the infection 

with minimal symptoms. However, in an area with endemic malaria, the risk of having 

multiple, overlapping or repeated infections is high. In this scenario, the increased anti-

inflammatory response in the end of the infection could have an inhibiting effect also on the 

inflammatory response mounted to the new infection. If so, this will lead to decreased control 

of the parasitemia, but with limited symptoms. This might be one explanation to the 

asymptomatic infections with high parasitemia that can be seen in a few individuals in 

endemic countries. Our results suggest that the Fulani ethnic groups have higher 

inflammatory responses and lower anti-inflammatory responses as compared to the sympatric 

ethnic groups. This could be due to a selection for a more beneficial phenotype in individuals 
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living with endemic malaria; the ability to mount an inflammatory response despite an anti-

inflammatory milieu, in the end leads to an efficient clearance of the infections. Together with 

different FcγR haplotypes, this could have a visible effect on IgG concentrations for some 

infections. The end-result would then be a more activated phenotype in the Fulani (fig. 19A) 

and a more inhibitory/anti-inflammatory phenotype in the non-Fulani (fig.19B). 
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Figure 19. A: The predicted higher production of IL-1β in the Fulani ethnic group will mount a strong 
and fast inflammatory response. This will lead to activation of CRP in the hepatocytes, and this 
increase in CRP will later induce IL-10 that will inhibit the production of IL-1β. However, the predicted 
low production of IL-10 in the Fulani will not be strong enough to limit the inflammation completely. 
Moreover, IL-10 will induce the production of IgG1 and IgG3 as well as increase the expression of 
inhibitory FcγR. These effects will not be as strong in the Fulani as compared to the non-Fulani. The 
inflammatory response will increase the production of IFN-γ, which will induce the production of IgG1, 
IgG2 and IgG3 as well as the expression of activating FcγR. This will have an effect on the antibody 
pool. B: The lower/normal production of IL-1β in the non-Fulani will mount a normal inflammation, 
however, being high producers of both CRP and IL-10, the non-Fulani will have a stronger effect of the 
anti-inflammatory IL-10 than the Fulani, hence non-Fulani will present a higher frequency of inhibitory 
FcγR and lower antibody levels. Moreover, the inflammation in the non-Fulani will not be as 
pronounced as in the Fulani, resulting in fewer activating FcγR and a lower production of IgG2. 

A. Fulani 

B. Non-Fulani 
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Future prospects 

The studies in this thesis have revealed an interesting connection between innate functions 

and adaptive immune functions. The future prospects would include further studies of 

interplay between these aspects. The possible up-regulation of inhibitory FcγR in the non-

Fulani group, together with the results from Torcia et al [174], which shown a functional 

deficit of Tregs in the Fulani, could suggest a role of the regulatory mechanisms in the 

susceptibility to malaria. The reduced population of possible regulatory B-cells in MS patients 

could be an interesting path to follow [32]. Regulatory B-cells could have the capacity to 

affect the antibody production, and a similar functional deficit in this cell population as shown 

for Tregs, would have tremendous effects on the immune responses to several infections.  

 

Moreover, IL-17 is a cytokine with the capacity to influence the levels of CRP. It orchestrate 

the innate immune functions and it plays a central role in autoimmune inflammations, but is at 

the same time essential in the protection from infections, by recruiting neutrophils to the 

infected tissues [208]. No studies have, to our knowledge, yet showed a role for IL-17 in 

malaria. However, in experimental murine S. mansoni infections, IL-17 has been associated to 

a severe pathology [209, 210].  

 

In addition, functional experiments with the different FcγR allotypes, the effect of the 

cytokine haplotypes on the circulating levels of the cytokines, and functional experiments 

with CRP will also be important to investigate in order to further elucidate the impact of these 

factors on the IgG subclass pattern, and the susceptibility to malaria. 
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